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FOREWORD 


This  report  is  one  of  four  manuals  prepared  under  Contract  Number 
DOT-FH-11-8265  for  the  Federal  Highway  Administration,    U.S.    Department 
of  Transportation  for  the  purpose  of  summarizing  and  upgrading  docu- 
mentation of  the  Highway-Vehicle-Object  Simulation  Model  (HVOSM).     The 
HVOSM  had  been  previously  developed  for  the  Federal  Highway  Administration 
(FHWA)  by  the  Calspan  Corporation  (formerly  Cornell  Aeronautical 
Laboratory)  under  Contract  Number  C PR -11-3988  during  the  period  from 
1966  to  1971  and  extended  under  this  contract.     Contained  in  this  report  is  a 
description  of  the  experimental  validation  procedures  employed  in 
determining  the  degree  and  range  of  validity  of  the  HVOSM. 

Complete  documentation  of  the  HVOSM  is  contained  in  the  following 
manuals : 

•  Highway-Vehicle-Object  Simulation  Model 
Volume  1  -  Users  Manual 

•  Highway-Vehicle-Object  Simulation  Model 
Volume  2  -  Programmers  Manual 

•  Highway-Vehicle-Object  Simulation  Model 
Volume  3  -  Engineering  Manual  -  Analysis 

•  Highway-Vehicle -Object  Simulation  Model  -  Volume  4  - 
Engineering  Manual  -  Validation 

This  report  has  been  reviewed  and  is  approved  by: 


Edwin  A.    Kidd,   Head 
Transportation  Research  Department 
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1.  INTRODUCTION 

In  1966  Calspan  Corporation  (formerly  Cornell  Aeronautical 
Laboratory,   Inc.  )  began  development  of  a  general  mathematical  model  and 
computer  simulation  of  the  dynamic  responses  of  an  automobile  in  accident 
situations  under  Contract  CPR-11-3988  with  the  Bureau  of  Public  Roads. 

The  mathematical  model  of  vehicle  dynamics  developed  in  the  first 
year  of  that  effort  included  the' general  three-dimensional  motion  resulting 
from  vehicle  control  inputs,   traversal  of  irregular  terrain,    or  from 
collisions  with  simple  roadside  barriers.     The  model  was  subsequently 
named  the  Highway-Vehicle-Object  Simulation  Model  (HVOSM).      Later, 
the  model  was  further  developed  and  a  comprehensive  validation  program 
was  carried  out  including  a  series  of  repeatable  full-scale  tests  with  an 
instrumented  vehicle  in  order  to  objectively  assess  the  degree  of  validity 
of  the  vehicle  model.     Extensive  measurements  of  the  vehicle  parameters 
required  for  input  to  the  HVOSM  were  made  under  a  subcontract  with  the 
Ford  Motor  Company  as  a  part  of  the  validation  procedure.     This  effort 
was  reported  in  Reference  1  and  the  model  as  described  therein  has  been 
referred  to  as  the  V-3  version  of  the  HVOSM. 

Modifications  were  subsequently  made  to  the  simulation  in  order  to 
study  the  effects  of  terrain  (specifically,    railroad  grade  crossings)  on 
vehicle  control  ability.     The  impact  routines  were  removed  and  extended 
terrain  definition  capabilities  were  added  along  with  a  more  realistic  model 
of  suspension  properties.     This  program  version  (Reference  2)  has  been 
informally  referred  to  as  the  V-4  version  of  the  HVOSM  and  has  since  been 
used  extensively  for  study  of  roadway  and  roadside  geometries. 


Further  developments  of  HVOSM  aimed  at  providing  a  simulation 
model  suitable  for  the  study  of  the  complex  dynamics  resulting  from  pre- 
collision  evasive  maneuvers  were  reported  in  Reference  3.     This  version, 
informally  called  the  V-7  version  of  the  HVOSM,    includes  a  detailed  model 
of  the  braking  and  driving  systems  and  an  empirically  based  definition  of 
the  relationships  between  longitudinal  and  lateral  tire  forces  through  the 
inclusion  of  rotational  degrees  of  freedom  of  the  four  vehicle  wheels. 

During  development  of  the  HVOSM,    documentation  efforts  primarily 
fulfilled  the  objectives  of  maintaining  communication  within  the  program 
development  structure,    ensuring  quality  control  of  the  development  and 
providing  a  historical  reference.     It  was,    however,    recognized  early  in 
the  development  of  the  HVOSM,    that  this   state-of-the-art  advance  in  the 
modeling  of  a  vehicle  and  its  environment  could  be  put  to  best  use  through 
its  widespread  distribution  to  organizations  interested  in  its  application 
to  highway  safety.     As  a  result,    distribution  of  the  HVOSM  was  begun  before 
its  development  was  complete  and  before  instructional  documentation  could 
be  provided. 

Recognizing  the  need  to  bring  documentation  of  the  several  HVOSM 
versions  together  and  to  provide  the  highway  safety  community  with  an 
effective  description  of  the  programs  and  their  use,    the  Federal  Highway 
Administration  (FHWA)  awarded  Calspan  Corporation  contract  number 
DOT-FH-11-8265  for  the  purpose  of  providing  such  documentation  for  the 
HVOSM. 

Three  versions  of  the  HVOSM  were  covered  by  this  documentation. 
They  were,    the  HVOSM-SMIl  (Sprung  Mass  Impact)  version  (formerly  known 
as  the  V-3  version),   the  HVOSM-RD1  (Road  Design)  version  (formerly  known 
as  the  V-4  version)  and  the  HVOSM-VD1  (Vehicle  Dynamics)  version  (formerly 
known  as  the  V-7  version).     Under  the  first  phase  of  that  effort,    only  those 
versions  as  developed  by  Calspan  were  covered  by  the  documentation. 


The  second  phase  of  contract  number  DOT-FH-11-8265  called  for 
extension  of  the  capabilities  of  the  HVOSM  by  adding  new  features,    including 
some  additional  modifications  made  by  other  research  organizations,    and 
providing  additional  ease  of  use  features. 

The  documentation  provided  now  covers  the  two  program  versions: 
the  HVOSM-RD2  Version  (Roadside  Design)  and  the  HVOSM-VD2  Version 
(Vehicle  Dynamics).     It  is  intended  to  be  a  base  to  which  further  developments 
and  modifications  to  the  HVOSM  can  be  added,    thus  providing  a  uniform 
reporting  format  and  centralized"  source  of  information  for  the  many  HVOSM 
users.     It  consists  of  four  volumes,    each  describing  a  separate  aspect  of 
the  HVOSM.     Two  volumes  are  directed  toward  the  engineer/analyst 
containing  the  analysis  (derivation  of  governing  equations,    assumptions, 
and  development  of  controlling  logic)  and  experimental  validation.     Another 
volume  is  directed  toward  the  general  program  user  and  contains  analysis/ 
program  symbology,    descriptions  of  the  models  and  solution  procedures, 
descriptions  of  input  requirements  and  program  application  examples. 
The  fourth  volume  of  documentation  is  intended  for  use  by  those  interested 
in  the  detailed  computer  programs.     This  volume  contains  descriptions  of 
the  computer  code  including  a  discussion- of  subroutine  functions,    annotated 
flowcharts  and  program  listings. 

Validation  of  the  HVOSM  is   summarized  in  this  report.     Section  2.0 
describes  the  rigorous  tests  of  validity  applied  to  the  model  including  a 
description  of  the  test  vehicle  and  instrumentation,    vehicle  parameter  data, 
data  acquisition  and  reduction,    test  procedure  and  comparisons  of  experimental 
and  predicted  responses.     Section  3.  0  contains  general  comparisons  between 
the  HVOSM  and  experimental  responses  that  are  not  considered  to  be 
rigorous  evidence  of  validity  either  because  the  experiments  were  not  fully 
defined  or  shown  to  be  repeatable,    or  the  vehicle  data  used  in  the  simulation 
were  based  on  estimates. 


2.0  HVOSM  VALIDATION  TESTS 

2.  1       Sinusoidal  Steering  Tests 

2.  1.  1        Test  Vehicle  and  Instrumentation 

The  vehicles  employed  in  the  tests  to  secure  data  for 
validation  of  the  computer  simulation  were  1963  Ford  Galaxie  four-door 
sedans  formerly  used  by  the  New  York  State  Police.     All  of  the  dynamic 
tests  were  conducted  with  a  single  automobile.  .Detailed  measurements  of 
the  vehicle  physical  characteristics  required  as  inputs  to  the  simulation 
model  (e.g.,    sprung  and  unsprung  masses,    e.g.   position,   moments  of 
inertia,    ride  and  roll  rates  of  the  suspension,    etc.  )  were  made  by  the 
Ford  Motor  Company  and  are  reported  in  Section  2.  1.  1.  1. 

Aside  from  the  installation  of  instrumentation  and  control  equipment, 
the  only  changes  to  the  vehicle  from  the  as- received  condition  were  the 
installation  of  new  shock  absorbers  and,   for  some  tests,    a  set  of  new  wheels 
and  tires.     These  tires  were  provided  to  Calspan  by  the  General  Motors 
Corporation  (GM),    along  with  test  data  which  GM  had  measured  for  these 
tires  (8.25-14)  mounted  on  14"-6JK  wheels.     Similar  wheels  were  mounted 
on  the  test  automobile  so  it  would  be  equipped  with  wheels  and  tires  matching 
those  used  for  the  tire  test  measurements. 

Each  test  vehicle  came  equipped  with  a  power  steering  system  which 
was  adapted  to  provide  for  two  modes  of  steering,   i.e.,    (1)  normal  manual 
steering  or  (2)  an  electronic  command  steer  mode.     For  the  latter  method, 
a  special  hydraulic  unit  consisting  of  an  electrohydraulic  servo  valve, 
solenoid  operated  flow  control  valves,   pressure  regulating  valves,   pressure 
gauge  and  associated  hydraulic  lines  was  installed  in  the  engine  compartment. 
When  the  electronic  steer  option  was  in  use,    hydraulic  fluid  from  the  vehicle 
power  steering  pump  to  the  mechanical  servo  valve  (actuated  by  the  steering 


wheel)  was  shut  off  and  redirected  to  the  electrohydraulic  servo  valve,    which 
then  controlled  the  flow  of  oil  to  the  power  steering  actuator  cylinder  in 
response  to  electrical  signals  from  the  electronic  guidance  system. 
Measurement  of  the  magnitude  of  the  steer  angle  for  closed-loop  control 
was  obtained  by  means  of  a  position  feedback  potentiometer  attached  to  the 
power  steering  actuator. 

The  electronic  steer  mode  provided  rapid  and  highly  repeatable 
steering  inputs.     These  steering  inputs  included  sinusoidal  steering  in 
response  to  signals  from  a  low  frequency  oscillator,    step  inputs  and 
automatic  tracking  of  a  wire  laid  on  the  ground  along  the  desired  vehicle 
trajectory. 

The  use  of  an  electrohydraulic  servo  valve  required  that  the  power 
steering  pump  be  continuously  operated  against  a  high  discharge  pressure 
when  the  electronic  guidance  mode  was  selected.     For  this  reason,    this 
mode  was  used  for  only  relatively  short  periods  of  time  to  avoid  excessive 
heating  of  the  hydraulic  fluid  and  possible  damage  to  the  system  components. 

2.  1„  1.  1       Vehicle  Parameters 

Identical  values  for  the  vehicle  parameters 
were  employed  in  all  of  the  simulation  runs.     A  tabulation  of  parameter 
values  that  were  used  to  obtain  the  simulation  responses  is  presented  in 
Table  2.  1-1.     Also  shown  in  the  table  are  values  measured  by  the  Ford 
Motor  Company  for  an  identical  automobile  with  300  lbs.    in  the  front 
seat  to  simulate  a  driver  and  passenger,    but  without  the  instrumentation 
installed  (Reference  1).     Values  in  the  last  column  of  the  table  are  the 
"final  best  estimates"  for  the  actual  instrumented  test  vehicle  based  on 
(1)  the  Ford  measured  data  corrected  for  the  different  weight  and  weight 
distribution,    (2)  Calspan  measurements  of  the  total  vehicle  weight  (with 
passengers  and  instruments)  and  the  weight  on  the  front  and  rear  wheels, 
and  (3)  certain  available  measured  data  for  other  makes  of  automobiles. 


Table  2.  1-1 

TEST  VEHICLE  PARAMETER  VALUES 
1963  FORD  GALAXIE  FOUR-DOOR  SEDAN 


Parameter 

1 

2 

3 

Value  Used  in 

Simulation 
Comparisons 

Measured  Values 

of  2nd  Car  by  Ford 
Motor  Company 

"Best  Estimate" 

Values  for 
Simulation 

Ms 

(lb-sec    )/in. 

10.818 

10.218*    ' 

10.818 

MUP 

2 
(lb-sec    )/in. 

0.608 

0.407(2) 

0.608 

MUR 

2 

(lb-sec    )/in. 

0.945 

0.845(3) 

0.945 

xx 

lb-sec    -in. 

6000.0 

8742.5 

6000.0 

Xy 

lb-sec    -in. 

30000.0 

36167.5 

35477.0 

II 

lb-sec    -in. 

36000.0 

36406.3 

35800.0 

Txz 

lb-sec    -in. 

-192.0 

-439.8 

-192.0 

** 

lb-sec    -in. 

600.0 

435.6 

435.6 

a. 

in. 

54.517 

52.81 

54.63 

b 

in. 

64.483 

66.44 

64.62 

TF 

in. 

61.0 

61.2 

61.2 

T* 

in. 

60.0 

60.5 

60.5 

Ts 

in. 

46.5 

46.52 

46.52 

*F 

in. 

10.  138 

9.67 

9.05 

*■« 

in. 

12.088 

11.35 

10.95 

e 

in. 

-2.0 



-2.0 

/?w 

in. 

14,    15 



14,    15 

«F 

lb/in. 

131.0 

131.0 

131,0 

** 

lb/in. 

192.0 

194.0 

194.0 

(lb-sec)/in. 

(lb-sec)/in. 

lb 

lb 

3.50 
3.90 
55.0 
50.0 

1.30(4) 
1.75<4> 
58.0(5) 
97.0(5) 

1.30 
1.75 
58.0 
97.0 

-n-r 

in. 

3.  0  (Jounce  and 
Rebound) 

2.  9  Jounce 
4, 3  Rebound 

3.0 

Ar 

in. 

4.  0  (Jounce  and 
Rebound) 

4.  3  Jounce 
4. 5  Rebound 

4.25 

(Table  2.  1-1  Continue 
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Parameter 

1 

2 

3 

Values  Used  in 

Measured  Values 

"Best  Estimate" 

Simulation 

of  2nd  Car  by  Ford 

Values  for 

Comparisons 

Motor  Company 

Simulation 

RF       (lb-in)/rad 

266000 

266000(6) 

266000 

RR       (lb-in)/rad 

61900 

59244(7) 

59244 

Krs       

0.07 

0.059 

0.059 

0/=^,     deg 

for      St  =■  6Z  -  -5  in. 

-3.55 

-5.70<8> 

-5.70 

-4  in. 

-2.55 

-3.90(8) 

-3.90 

-3  in. 

-1.80 

-2.45 

-2.45 

-2  in. 

-1.30 

-1.30 

-1.30 

-1  in. 

-0.95 

-0.40 

-0.40 

0 

-0.55 

0.30 

0.30 

1  in. 

-0.30 

0.60 

0.60 

2  in. 

-0.30 

0.65 

0.65 

3  in. 

-0.40 

0.30 

0.30 

4  in. 

-0.55 

-0.40<8) 

-0.40 

5  in. 

-0.80 

-1.30(8) 

-1.30 

(1)  Determined  from  measured  weights  of  total  vehicle  (full  fuel,    300  lb 
simulated  passengers,   no  instrumentation)  and  unsprung  masses. 

(2)  Front  wheel  and  brake  assemblies  only.     Does  not  include  fractions  of 
suspension  arms,    springs,    shocks,    steering  knuckles,    spindles,    etc. 

(3)  Rear  wheels,  brake  assemblies,    drive  shaft  and  axle  assembly.     Springs 
not  included. 

(4)  From  average  slopes  of  shock  absorber  force  vs.  velocity  data  for 
jounce  and  rebound  velocities  between  20  and  55  in/sec  and  approximate 
installation  ratio. 

(5)  From  hysteresis  loops  of  ride  and  roll  rate  measurements  for  each 
wheel  and  estimated  average  shock  absorber  "blow-off"  force  in  jounce 
and  rebound. 

(6)  From  roll  rate  measurements  with  and  without  stabilizer  bar. 

(7)  From  measured  average  roll  rate  and  theoretical  roll  rate  computed 
from  measured  ride  rate. 

(8)  Extrapolated  from  measured  data. 
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Some  of  the  measured  data  for  the  vehicle  physical  characteristics 
unfortunately  became  available  too  late  to  be  used  in  the  generation  of 
predicted  responses  for  comparison  with  the  actual  vehicle  responses  that 
were  measured  in  the  various  tests.     It  was  necessary,   therefore,   to 
estimate  the  values  of  those  parameters  for  which  specific  data  were  lacking, 
the  estimates  being  based  on  available  data,    both  published  and  unpublished, 
from  various  sources  (e.g.,   Reference  2). 

From  Table  2.  1-1,   it  may  be  observed  that  most  of  the  estimated 
values  for  the  vehicle  parameters  used  in  obtaining  the  simulation  results 
are  very  close  to  the  "best  estimate"  values  that  are  derived  from  the 
measured  data  shown  in  column  2  of  the  table.     Also,   where  there  are 
substantial  differences  between  the  original  estimates  (column  1)  and  the 
measured  values  (column  2),   the  latter  have  generally  been  accepted  as 
"best  estimate"  values  since  the  original  estimates  were,   in  some  instances, 
based  on  rather  meager  data.     Two  exceptions,    however,   are  the  values 
measured  for  the  roll  moment  of  inertia,     Xx   »    and  the  product  of  inertia, 

X%i  '     For     X>     »    sufficient  data  were  available  from  independent 
measurements  of  several  other  similar  automobiles  to  indicate  that  the 
value  measured  by  the  Ford  Motor  Company  (approximately  46%  greater 
than  the  estimated  value)  is  probably  in  error.     The  original  estimate  was, 
therefore,    used  as  the  "best  estimate"  value. 

With  regard  to     X;*2  ,   it  is  to  be  noted  that  this  parameter  was  not 
measured  directly  but  rather  was  computed  from 

where    Xj<    is  the  measured  moment  of  inertia  about  a  vertical  axis  through 
the  sprung  mass  center  of  gravity  with  the  vehicle  in  a  pitched  attitude  of  Q 
degrees.     Inasmuch  as     X*2-  so  determined  is  dependent  upon    X*    , 
which  as  stated  above  is  believed  to  be  in  error,   the  value  of   X/2    is 


also  likely  to  be  erroneous.     For  this  reason,    despite  the  fact  that  not  a 
large  amount  of  data  are  available  on  which  to  base  an  estimate  of  a  "typical" 
value  for     1x2      $    the  original  estimate  was  retained  as  the  "best  estimate" 
value.     Note  also  that  a  smaller  value  of     Tpc    would  result  in  closer  agree- 
ment between  the  measured  and  estimated  values  for     Xx£ 

Unfortunately,    Reference  1  does  not  include  adequate  descriptions  of 
the  test  equipment  and  procedures  to  determine  the  cause  of  the  assumed 
measurement  error  for     ±*   .     In  view  of  the  fact  that  basically  the  same 
procedures  and  equipment  were  undoubtedly  used  for  measurement  of  both 

Xx    and     Jy  *    and  both  are  larger  than  the  respective  estimates  for 
these  parameters,   it  is  possible  that  these  tests  included  some  type  of 
systematic  error  in  measurements. 

Values  of  the  tire  parameters  used  in  obtaining  the  presented 
simulation  results  are  summarized  in  Table  2.  1-2. 


Table  2.  1-2     TIRE  PARAMETER  DATA 

8.25-14  Bias  Ply  Tire  on  6K  Rim 


Parameter  Inflation  Pressure 

28  psi 


KT  lb/in.                                                 1098.0 

Cf  in.                                                               3.0 

/tr  10.0 

A0  4400.0 

A1  8.276 

f\l  2900.0 

A3  1.78 

A4  3900.0 

i2r  l.oo 


A  comparison  of  the  mathematical   representation  of  the  tire  charac- 
teristics with  data  measured  by  the  General  Motors  Engineering  Staff  for 
the  tires  used  in  the  tests  is  depicted  in  Figure  2.  1-1.     It  may  be  seen  that 
generally  good  agreement  is  achieved  throughout  the  complete  ranges  of  tire 
slip  angle  and  vertical  load  for  which  data  are  available,    and  that  the 
agreement  is  particularly  good  within  the  normal  operating  region.     The  fit 
to  the  experimental  data  could  probably  be  improved  by  adjustment  of  the 
constants;  however,    the  displayed  fit  is  considered  adequate  for  the  present 
purposes. 

2.1.1.2       Instrumentation 

Extensive  instrumentation  was  installed  in 
the  test  vehicle  to  provide  comprehensive  and  detailed  measurements  of  the 
motions  of  the  sprung  mass  and  individual  unsprung  masses  in  each  test. 
Specifically,   provisions  were  made  for  recording  (1)  yaw,   pitch  and  roll 
attitudes  of  the  sprung  mass,    (2)  longitudinal,   lateral  and  vertical  accelerations 
of  the  sprung  mass  at  each  of  two  locations,    (3)  suspension  deflections  at 
each  of  the  four  wheels,    (4)  steer  angle  of  the  front  wheels  and  (5)  vehicle 
speed.     Most  of  this  instrumentation  and  the  associated  power  supplies, 
recording  oscillograph  and  signal  conditioning  equipment  were  mounted  on  a 
rigid  aluminum  plate  securely  fastened  in  the  rear  of  the  passenger  compartment 
from  which  the  seat  and  seat  back  were  removed.     Photographs  of  some  of 
the  instrumentation  installed  in  the  vehicle  are  shown  in  Figure  2.  1-2. 
Instrumentation  characteristics  are  summarized  in  Table  2.  1-3. 

Attitude  Measurements 


A  pair  of  two-degree-of-freedom,   free 
gyroscopes  were  used  to  measure  the  yaw,   pitch  and  roll  angular  displacements 
of  the  vehicle  axes  with  respect  to  a  space  fixed  reference  axis  system. 
Both  gyros,    together  with  a  printed  circuit  board  with  solid  state  operational 
amplifiers  and  other  miniaturize^,    components  for  signal  conditioning,    were 


10 


LU 


££  lu  2 

Ob.< 

20K 


/ 


Y 


8 


<^ 


A 


LU 
CC 

E        // 

V       \MM 

W/ 

// 

>j 

*    O               R    \  /    N\ 

A.     jte 

Jl  1 

™     3                           \/  X        NN 

/  \i   > 

jL 

—       eo     u.                              '       x        1 

2                                         N  <D  X         1 

K  ]ri8|i 

\    X 

V 

p^ 

i    ^^^ 

■^s* 

_ 

LIP  ANGLE, 
EGREES 

-8  J 

i 

=    4400 
=    8.276 
=    2900 
=    0.80 

■    0 

CO  O 

^  ^"^>- 

ii 

O   J-     N                U 
<     <     <     ^  LU 

{ 

lL 

o 

1 

r- 

i            i            i 

1                 1                 1 

1      -   1 

» 

o 
o 
o 

CM 


o 

o 

CO 


o 
o 
10 


o 
o 


o 
o 
CM 


o 
o 
o 


8 

CO 


o 
o 


o 
o 


o 

o 

CM 


Q 

< 
o 

< 

V 
H 

« 
> 

Q 

w 
o 

< 

PL, 

I— I 

CO 
CO 

> 

H 

u 

rt 
o 

<1 
w 

Eh 
<J 


d 


S8T  '3DH03  TV«31VT 


11 


z 
o 

O 

UJ 

-I 

Li. 
Ill 

Q 


CO 

Z 

LU 
Q. 
CO 

CO 

cc 
< 

LU 

cc 


cc 

LU 
LU 

1 
o 

I- 
z 

LU 

H 
O 
a, 


LU 

-I 

o 

I 

UJ 

> 

co 

LU 

Z 
Q 

LU 


< 

z 


cc 

UJ 

(5 

2 

UJ 

< 

8 

UJ 
EC 

< 

Q. 

< 

V- 

EC 

z 

< 

LU 

UJ 

cc 

y= 

CC 

O 

< 

LU 

a, 
O 

>  o 


LU 
LU    U 


CO 


LU 


Sz 


LU 


i  2  c 

O  CC  Sl 

t  Q  S 

3  >  o 

<  I  o 


LU 


D 

a 

LU 

Q 

Z 
< 

Z 

g 

5 

h- 
Z 

UJ 

D 
CC 

to 

z 


(M 

I 


ro 
CD 

&J0 

•r-l 


12 


Table  2.  1-3        SUMMARY  OF  INSTRUMENTATION  TRANSDUCERS 


Trace 

Transducer 

Pitch  and  roll  attitude 

Humphrey  FG  23-3101-1  free  gyro 
pitch  on  inner  gimbal,    roll  on  outer 
gimbal 

Yaw  attitude 

Humphrey  FG  23-3101-1  free  gyro 
yaw  on  outer  gimbal 

Front  wheel  suspension  deflections 

Amphenol  Borg  Electronics  Corp. 
80962  linear  potentiometers,    5U  stroke, 
2500  ohms 

Rear  wheel  suspension  deflections 

Pacific  Scientific  4101119-0  linear 
potentiometers,    10"  stroke,    3000  ohms 

Steer  angle 

Pacific  Scientific  4101119-0  linear 
potentiometer,    10"  stroke,    3000  ohms 

Longitudinal  acceleration 

Pace  CA19  DC-DC  variable  reluctance 
type  accelerometers,   +5G,   flat  within 
5%  0-30  cps 

Lateral  acceleration 

Palomar  5415  DC-DC  variable  reluc- 
tance type  accelerometers,    +5G,   flat 
within  5%  0-30  cps 

Vertical  acceleration 

Palomar  5414  (+5G),   Donner  5100- 
186F  (+15G),    Donner  5100-228F 
(+20GTDC-DC  variable  reluctance 
type  accelerometers 

+  5G  flat  within  5%  0-30  cps 
+  15  G  flat  within  5%  0-30  cps 
+  20  G  flat  within  5%  0-200  cps 

Notes: 

(1)  Nexus  USL- 1  operational  amplifiers  used  in  each  channel. 

(2)  All  channels  recorded  Consolidated  Electrodynamic  Corp.   oscillo- 
graph with  CEC  Type  7-315  galvanometers. 

(3)  All  channels  filtered  with  external  filter  having   15  cps  corner 
frequency. 
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contained  in  a  compact  package  and  are  capable  of  operating  under  an 
impact  environment  of  40  G.     Special  attention  was  given  to  their  orientation 
so  as  to  minimize  "contamination"  of  the  signals  due  to  cross-coupling 
effects  of  combined  motions.     One  gyro  is  used  in  a  vertical  mode  (spin  axis 
parallel  to  vehicle  vertical  or    Z    axis)  with  the  inner  gimbal  (axis   crosswise) 
measuring  pitch  and  the  outer  gimbal  measuring  roll  motions.     The  other 
gyro  had  its  spin  axis  aligned  parallel  to  the  longitudinal  axis  of  the  vehicle 
and  is  used  to  measure  heading,   i.e.',   yaw,   on  the  outer  gimbal.     With  the 
gyros  so  oriented,    the  gimbal  pickoff  signals  were  direct  measurements  of 
the  Euler  angular  coordinates  of  the  sprung  mass  relative  to  the  space-fixed 
axis  system  as  defined  in  the  computer  simulation  program,    except  for 
yaw.     The  "contamination"  of  the  yaw  signals  is  minor  because  of  the 
small  magnitudes  of  the  pitching  and  rolling  motions  experienced  in  the 
tests  but  corrections  were  easily  made  in  the  process  of  reducing  the  test 
data. 


Linear  accelerations  of  the  vehicle  along 
each  of  the  three  orthogonal  vehicle-fixed  axes  were  measured  by  two 
accelerometer  packages;  one  package  was  located  in  the  aft  passenger 
compartment  and  the  other  at  a  rearmost  location  in  the  trunk  of  the  vehicle. 
Each  package  consisted  of  three  orthogonally  mounted  accelerometers  with 
associated  electronic  circuits  and  encapsulated  solid  state  operational 
amplifiers.     Three  separate  accelerometers,   instead  of  a  single  tri-axial 
accelerometer,   were  purposely  employed  in  each  package  for  the  versatility 
and  ease  afforded  in  the  interchangeability  of  accelerometers  having  ranges 
best  suited  to  the  acceleration  magnitudes  experienced  for  each  test  condition. 
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Suspension  Deflections 

Jounce  and  rebound  deflections  of  each 
wheel  of  the  vehicle  from  the  static  ride  positions  were  measured  by  linear 
potentiometers  attached  between  the  sprung  mass  and  a  moving  element  of 
the  suspension  systems.     A  typical  installation  at  one  of  the  rear  wheels  is 
shown  in  the  photographs  of  Figure  2.  1-2.     To  guard  against  excessive  rebound 
of  the  rear  wheels,   which  had  no  travel  stops  other  than  the  shock  absorbers 
and  so  might  damage  the  potentiometers  by  exceeding  the  limit  of  their 
available  stroke,    rebound  of  the  rear  axle  was  limited  by  cables  attached 
between  the  rear  axle  and  the  frame  of  the  vehicle  as  may  be  seen  in  the 
photograph.     Since  the  cables  permitted  rebound  deflections  of  approximately 
four  inches,    their  effects  on  vehicle  response  are  considered  to  have  been 
negligible. 

Front  Wheel  Steer  Angle 

Steer  angles  of  the  front  wheels  were 
measured  by  recording  signals  from  a  linear  potentiometer  attached  to  the 
hydraulic  actuator  of  the  vehicle  power  steering  system. 

Speed 

Vehicle  speed  was  measured,    whenever 
possible,    by  means  of  a  standard  fifth- wheel  trailed  behind  the  vehicle,    which 
produced  a  pulse  signal  for  each  revolution  of  the  wheel.     The  speed  at  the 
start  of  each  test  maneuver  was  determined  from  the  known  distance 
traversed  by  the  fifth  wheel  in  one  revolution  and  the  timing  lines  recorded 
on  the  oscillograph  record. 
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2.  1.2         Data  Acquisition  and  Reduction 

A  14-channel  light-beam  oscillograph  was  used  to 
record  the  amplified  signals  from  each  sensor  and  instrument.     An  attenuator 
unit  was  also  provided  to  enable  adjustment  of  the  overall  sensitivity  of  each 
data  channel.     Because  of  excessive  undesirable  high  frequency  noise  which 
tended  to  obscure  the  significant  characteristics  of  the  oscillograph  traces 
of  the  low  g  range  accelerometers,    the  signals  of  every  data  channel  were 
passed  through  filters  having  a  roll-off  frequency  of  approximately  15  cps. 
All  channels  were  provided  with  identical  filters  to  avoid  phase  shift  errors 
that  would  be  introduced  if  filters  were  employed  in  only  some  of  the  data 
channels. 

Power  for  the  various  instrumentation  equipment  was  supplied  partly 
by  the  12-volt  electrical  system  of  the  vehicle  and  partly  by  two  24-Volt  DC 
rechargeable  battery  power  packs.     Two  converters  (12  VDC  to  24  VDC  and 
12  VDC  to  110  VAC)  were  also  necessary  in  the  vehicle  to  provide  the 
specific  requirements  of  some  of  the  equipment. 

Controls  and  meters  required  for  operating  and  monitoring  the  various 
instrumentation  and  control  equipment  were  mounted  on  the  dash  panel  con- 
venient to  the  driver  and  instrumentation  operator.     These  controls  included 
switches  and  potentiometers  for  starting  the  oscillograph,   applying  calibration 
signals,    caging  and  uncaging  of  the  gyroscopes,    transferring  to  the  electronic 
steer  mode,    adjustment  and  application  of  steer  input  commands,    etc. 

2.  1.3         Test  Procedure 

Because  the  purpose  of  the  reported  tests  has  been  to 
provide  a  basis  for  a  rigorous  validation  of  the  simulation  model,   it  was 
important  to  determine  the  reliability  of  the  actual  measured  responses. 
For  this  reason,    reported  test  runs  were  conducted  for  each  condition  to 
establish  the  validity  and  repeatability  of  the  actual  measured  responses  of 
the  vehicle  with  which  the  analytical  results  were  to  be  compared. 
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Precautions  were  taken  to  minimize  random  errors  that  would 
contribute  to  the  variability  of  the  measured  responses.     For  example,    an 
attempt  was  made  to  conduct  all  runs  in  a  test  series  with  the  vehicle  en  an 
identical  approach  path,    at  the  same  speed,    and  with  the  same  steer  input. 
In  most  cases,    the  tests  were  repeated  five  or  six  times,    and  three  runs 
showing  the  best  repeatability  were  selected  for  comparison  with  the 
predicted  responses. 

The  general  test  procedure  for  all  tests  was  to  position  the  vehicle 
several  hundred  feet  from  the  test  area  and,   with  the  vehicle  stationary, 
record  the  "zero  reference"  and  "calibrate"  signals  of  all  data  channels 
on  the  oscillograph  record.     The  automobile  was  then  accelerated  to  the 
desired  test  speed.     During  the  constant  speed  approach  to  the  test  area, 
the  instrumentation  operator  started  the  oscillograph  recorder,    uncaged 
the  gyroscopes,    and  the  electronic  steering  hydraulic  system  was  also 
activated.     The  driver  then  closed  a  switch  applying  the  external  steering 
input  commands  when  the  vehicle  reached  a  reference  marker  so  that  at 
time  "zero",    the  vehicle  would  be,    as  closely  as  possible,    at  the  same 
location  for  each  test. 

Two  motion  picture  cameras,    each  operating  at  a  nominal  speed  of 
50  frames  per  second,   were  used  for  documentary  photographic  coverage 
of  the  vehicle  responses  for  each  test  run. 

A  summary  of  the  experimental  program  is  presented  in  Table  2.  1-4. 

Two  series  of  sinusoidal  steering  response  tests  were  conducted. 
In  one  case  (test  series  3),    the  steering  input  was  approximately  +  5  degrees 
amplitude  at  0.5  cps;  for  the  second  (test  series  9),    the  amplitude  was 
increased  to  +  10  degrees,    and  the  frequency  was  increased  to  about  0.  7  cps. 
The  vehicle  speed  for  both  series  of  tests  was  nominally  25  MPH.     To 
achieve  repeatability  of  the  time  history  of  the  steer  angle,   it  was  necessary 
to  control  the  time,   within  a  sinusoidal  input  cycle,   when  the  steering 
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command  signals  were  applied  to  the  electrohydraulic  servo  control  valve. 
This  was  done  by  employing  a  "trigger"  circuit  which  applied  the  output  of 
the  sine  wave  generator  to  the  servo  valve  when  the  voltage  was  zero  and 
changing  from  negative  to  positive. 

2.  1.4        Comparison  of  Experimental  and 
Predicted  Results 

Before  discussing  the  comparisons  of  simulated  and 
measured  responses,    a  clarification  of  the  inputs  used  for  the  computer 
simulations  should  be  made.     Because  of  unavoidable  slight  differences  in 
the  speed  and  the  time  history  of  the  steer  angle  among  the  test  runs 
shown  in  the  comparisons,    the  average  of  the  measured  values  for  these 
parameters  was  used  in  the  simulations.     For  the  sinusoidal  steer  tests, 
"zero"  time  corresponded  to  the  initiation  of  steering. 

It  was  necessary  to  use  estimated  values  for  some  of  the  physical 
characteristics  of  the  vehicle  in  the  presented  response  predictions.     Actual 
measured  data  from  tests  performed  by  the  Ford  Motor  Company  did  not 
become  available  until  relatively  late  in  the  performance  period  of  the 
reported  research.     Where  specific  data  were  lacking,   the  estimated  values 
that  were  used  represent  "typical"  data  for  automobiles  as  obtained  from 
several  published  and  unpublished  reference  sources.     The  HVOSM  inputs 
used  for  this  series  of  comparisons  are  shown  in  Figures  2.  1-3  and  2.  1-4. 

The  simulated  and  measured  responses  of  the  vehicle  for  the  two 
series  of  sinusoidal  steering  tests  are  presented  in  Figures  2.  1-5  and  2.  l-6< 
Peak  lateral  acceleration  for  the  lower  frequency,    smaller  steer  input  tests 
was  about  0.3  g,   whereas  for  the  other  test  series,    accelerations  somewhat 
greater  than  0.4  g  were  experienced  as  measured  by  the  accelerometer 
located  in  the  passenger  compartment.     The  distorted  sine  wave  of  the  steer 
angle  for  the  0.  4  g  test  (Figure  2.  1-6)  is  believed  to  have  been  caused  by 
fluid  flow  limitations  of  the  electrohydraulic  servo  valve  installed  in  the 
power  steering  system.     With  the  exception  of  the  yaw  angle  responses, 
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Figure  2.  1-5    MEASURED  AND  SIMULATED  RESPONSES  OF  VEHICLE 
WITH  ±5°  -  0.5  CPS  STEER 
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particularly  for  the  0.4-g  test,   the  simulated  vehicle  responses  correlate 
well  with  the  measured  data,   which  were  quite  repeatable.     The  deviations 
in  the  test  results  are  probably  largely  due  to  differences  in  vehicle  speed 
among  the  tests  in  each  series  which,  for  the  0.  3-g  tests,  was  as  much  as 
4.  5  MPH. 

Both  the  phase  and  the  peak-to-peak  amplitude  changes  of  the 
simulated  vehicle  yaw  oscillations,  are  in  agreement  with  the  measured  data, 
but  the  predicted  yaw  response  of  the  simulated  vehicle  is  slightly  more 
divergent  than  the  measured  vehicle  response  of  the  vehicle  for  the  0.4-g 
case.     Factors  that  may  have  caused  this  deviation  include:    unequal  steer 
angles  of  the  test  vehicle  front  wheels  which,   combined  with  the  large 
lateral  weight  transfer  that  occurred  in  the  tests,    could  have  acted  to 
produce  cornering  forces  at  the  individual  wheels  significantly  different 
from  those  of  the  simulated  vehicle,   in  which  the  steer  angles  of  the  front 
wheels  are  assumed  to  be  equal;  roll  steer  effects  in  the  front  suspension 
which  are  neglected  in  the  simulation;  a  slight  bias  of  the  steer  angle,   i.  e.  , 
"zero"  steer  on  the  test  record  may  have  actually  corresponded  to  a  small 
steer  angle. 

2.  1.5        Vehicle  Response  Sensitivity 

No  vehicle  response  sensitivity  runs  were  made  for 
this  test  series. 

2.2       Ramp  Traversal  Tests  HVOSM-SMI1 

2.2.  1        Test  Vehicle  and  Instrumentation 

The  vehicle  and  instrumentation  packages  employed 
in  the  ramp  test  series  were  identical  to  those  reported  in  Section  2.  1.  1 
with  the  following  exceptions. 
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Two  of  the  ramp  test  series  were  made  with  15"  tires  inflated  to 
65  psig.     The  tire  parameters  used  to  model  these  tires  is  shown  in 
Table  2.2-1  and  were  based  on  extrapolations  from  meager  data  on  the 
effects  of  small  changes  in  inflation  pressure  on  tire  lateral  force  properties, 

In  addition,    the  fifth  wheel  was  removed  in  the  two  higher  speed  tests 
to  avoid  possible  damage.     For  these  tests,   the  vehicle  speed  was  obtained 
from  either  the  vehicle  speedometer  or  from  photographic  reduction. 

2.2.2        Data  Acquisition  and  Reduction 

Data  acquisition  and  reduction  for  this  test  series 
was  identical  to  that  reported  in  Section  2.  1.2. 


Table  2.2-1    TIRE  PARAMETER  DATA 

8.25x14  Bias  Ply  Tire  on  6K  Rim 


Parameter 
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0 

7. 

53 

4000. 
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2.2.3         Test  Procedure 

Vehicle  responses  during  traversal  of  ramps  were 
measured  for  five  different  conditions  as  summarized  in  Table  2.2-2.     In 
the  first  series  (tests  5),    the  automobile  was  driven  straight  with  all  four 
wheels  passing  over  the  ramp.     The  ramp,    of  plywood  construction,    had  a 
slope  of  7.  1  degrees  and  was  6.  75  inches  high  at  the  rear  edge.     For  the 
second  series  of  tests  (tests  6),    the  ramp  height  was  increased  to  8.5 
inches  (9.2  degree  slope),    but  only  the  wheels  on  the  left  side  of  the 
automobile  traversed  the  ramp  to  induce  some  rolling  response.     The  ramp 
for  the  third  series  of  tests  (tests  7)  was  the  same  as  for  the  first  case,   but 
this  time  a  step  input  of  steer  angle  of  about  6  degrees  was  applied  when  the 
vehicle  was  approximately  20  feet  from  the  ramp.     Thus,    the  vehicle  was 
undergoing  a  transient  cornering  maneuver  of  about  0.4  g  as  it  traversed 
the  ramp,   with  each  wheel  subsequently  becoming  airborne  and  striking  the 
ground  surface  at  different  times  upon  passing  over  the  elevated  rear  edge 
of  the  ramp.     The  first  three  series  of  ramp  tests  were  each  performed  at 
a  nominal  speed  of  2  5  MPH. 

For  the  last  two  series  of  ramp  traversal  tests,    the  services  of 
professional  stunt  drivers  were  obtained.     In  the  first  of  these  (tests   13), 
the  vehicle  was  alternately  driven  over  two  ramps;  the  wheels  on  the  right 
side  of  the  car  traversing  the  first  ramp  and  the  left-side  wheels  passing 
over  the  second  ramp,   which  began  about  63  feet  further  down  the  roadway. 
Each  ramp  was  21.5  inches  high  at  the  rear  edge  (3.6  degree  slope)  and 
hence,   produced  a  considerable  amount  of  vehicle  roll  in  each  direction. 
The  driver  attempted  to  maintain  a  constant  speed  of  30  MPH  throughout 
each  test  and  found  it  necessary  to  introduce  substantial  steering  inputs 
to  align  the  vehicle  for  proper  traversal  of  the  second  ramp. 
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The  fifth  ramp  test  (test  14)  was  one  in  which  the  vehicle  was  driven 
over  a  3.5  ft.   high  "takeoff"  ramp  and  became  completely  airborne  for  a 
distance  of  approximately  65  feet.     The  landing  was  to  have  been  made  on  a 
downward  sloping  "receiving"  ramp.     However,    because  the  driver  was 
apprehensive  about  the  use  of  an  unfamiliar  vehicle  and  wanted  to  reduce 
the  risks  of  falling  short  and  crashing  into  the  elevated  end  of  the  receiving 
ramp,    he  elected  to  perform  the  jump  at  a  speed  of  44  MPH,   which  was 
about  4  MPH  greater  than  the  speed  he  normally  would  employ.     Unfortunately, 
the  increased  speed  was  excessive,    causing  the  vehicle  to  overshoot  the 
receiving  ramp.     The  landing  was,   therefore,    unintentionally  hard,   with 
the  front  end  of  the  automobile  (and  subsequently  the  aft  end  of  the  sprung 
mass)  striking  the  roadway  with  a  force  sufficient  to  bend  the  frame  and 
body.     Except  for  bending  of  the  shafts  of  each  of  the  suspension  deflection 
potentiometers,    the  instrumentation  equipment  was  undamaged  and  good 
oscillograph  data  records  were  obtained  up  to  the  time  of  impact  with  the 
ground. 

2.2.4        Comparison  of  Predicted  and 
Experimental  Results 

HVOSM  input  data  used  for  comparisons  with  this  test 
series  are  shown  in  Figures  2.2-1  through  2.2-6.     Time  histories  of  the 
measured  and  simulated  vehicle  responses  for  the  first  three  conditions  of 
ramp  traversal  are  displayed  in  Figures  2.2-7,    2.2-8  and  2.2-9, 
respectively.     The  excellent  repeatability  of  the  measured  data  in  each  of 
these  three  cases  adds  confidence  to  the  validity  of  the  measurements. 
The  final  two  conditions  of  ramp  traversals  were  performed  using  skilled 
stunt  drivers  under  conditions  that  made  the  control  and  measurement  of 
repeatability  more  difficult. 
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0.5     i 

Figure  2.2-7     MEASURED  AND  SIMULATED  RESPONSES  OF  VEHICLE  TRAVERSING 
7.1° -6.75"  HIGH  RAMP 
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Figure  2.2-7     MEASURED  AND  SIMULATED  RESPONSES  OF  VEHICLE  TRAVERSING 
7.1°  _  6.75"  HIGH  RAMP  (Continued) 
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Figure  2.2-8     MEASURED  AND  SIMULATED  RESPONSES  OF  VEHICLE  TRAVERSING 
9.2°  -  8.5"  HIGH  RAMP  WITH  LEFT  SIDE  WHEELS  ONLY 


42 


Figure  2.  2-8 
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MEASURED  AND  SIMULATED  RESPONSES  OF  VEHICLE  TRAVERSING 
9.2°  -  8.5"  HIGH  RAMP  WITH  LEFT  SIDE  WHEELS  ONLY  (Continued) 


43 


TIME  SEC. 

Figure  2.2-9    MEASURED  AND  SIMULATED  RESPONSES  OF  VEHICLE  TRAVERSING 
7.1°  -  6.75"  HIGH  RAMP  WHILE  CORNERING  AT  0.4G 
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Figure  2.2-9     MEASURED  AND  SIMULATED  RESPONSES  OF  VEHICLE  TRAVERSING 
7.1°  -  6.75"  HIGH  RAMP  WHILE  CORNERING  AT  0.4G  (Continued) 
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Figure  2.2-9     MEASURED  AND  SIMULATED  RESPONSES  OF  VEHICLE  TRAVERSING 
7.1°  -  6.75"  HIGH  RAMP  WHILE  CORNERING  AT  0.4G  (Continued) 
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In  the  case  of  the  straight  approach  with  all  wheels  passing  over  the 
small  ramp  (test  series  5,    Figure  2.2-7),   it  may  be  noted  that  the  simulated 
responses,   in  general,   agree  well  with  the  experimental  results.     The 
largest  differences  occur  in  the  comparisons  of  pitch  angle  and  left  front 
wheel  suspension  deflections.     The  simulated  pitch  response  shows  a  larger 
peak  at  about  t  =  1.  1  sec  and  a  slightly  reduced  damped-oscillation  frequency 
after  leaving  the  ramp.     The  deviation  of  the  computed  suspension  response 
from  the  experiments  is  seen  to  be  primarily  a  phase  shift  after  the  suspension 
strikes  the  rebound  travel  stop,    although  the  shapes  of  the  curves  are  very 
similar.     Note  that  the  magnitude  of  maximum  rebound  in  the  simulation  is 
limited  by  the  assumption  of  equal  jounce  and  rebound  travel  limits.     Also, 
filtering  of  the  predicted  acceleration  responses  could  improve  the  correlation 
with  the  measured  responses  by  reducing  the  "spikes"  in  the  simulation 
results.     Unevenness  of  the  roadway  approach  to  the  test  area  resulted  in 
non-zero  values  for  some  of  the  measured  variables  at  time  "zero"  of  the 
plots. 

Most  of  the  above  comments  apply  as  well  to  the  comparisons  shown 
in  Figure  2.2-8  for  the  vehicle  on  a  straight  approach  with  only  the  wheels 
on  the  left  side  passing  over  a  slightly  higher  ramp  (test  series  6).     From 
the  comparisons  of  both  the  pitch  and  roll  angle  time  histories,   it  is  seen 
that  these  responses  of  the  actual  vehicle  are  more  heavily  damped  than 
those  of  the  simulated  automobile.     Note  that  the  experimental  roll  data 
show  no  negative  overshoot  during  the  return  from  the  initial  peak  of  6° 
positive  roll.     This  unexpected  behavior  results  from  a  "tuning"  effect, 
which  did  not  occur  in  the  simulation  because  of  slightly  different  timing 
of  the  sequence  of  events.     Examination  of  the  movies  of  the  test  indicates 
that  the  rear  wheel  passes  over  the  ramp  at  just  the  right  moment  during 
the  recovery  from  the  initial  roll,    caused  by  front  wheel  traversal  of  the 
ramp,    to  effectively  cancel  the  negative  rolling  velocity  and  prevent  the 
vehicle  from  subsequently  assuming  negative  roll  attitudes.     The  different 
simulated  vehicle  response  may  be  caused,   in  part,   by  the  assumption  of 
point  contact  with  the  ground  in  the  analytical  representation  of  the  tires. 
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In  Figure  2.2-9,    the  measured  and  simulated  vehicle  responses  for 
the  case  of  cornering  while  traversing  the  small  ramp  (test  series  7)  are 
displayed.     Good  repeatability  of  the  measured  variables  for  the  three  test 
runs  is  evident;  most  of  the  variability  probably  results  from  the  different 
times  at  which  the  steering  input  command  was  applied.     Unfortunately, 
in  these  tests,    the  yaw  angle  oscillograph  trace  was  improperly  positioned 
on  the  record  so  these  data  were  lost  approximately  1  second  after  initiation 
of  steering. 

The  simulation  results  agree  extremely  well  with  the  measured  data, 
even  in  the  details  of  the  several  responses.     Note  that  the  right  front 
suspension  strikes  the  jounce  bumper  twice,   viz.  ,   when  the  wheel  goes  over 
the  ramp  and  again  upon  recontact  with  the  ground.     The  reduced  cornering 
force  when  the  front  wheels  leave  the  ramp  and  the  subsequent  development 
of  large  cornering  forces  produced  by  recontact  of  the  steered  wheels  with 
the  ground  surface  are  manifested  in  both  the  measured  and  simulated 
vehicle  lateral  acceleration  responses  in  the  time  period  between  approxi- 
mately 0.9  and  1.5  seconds.     The  data  show  that  the  steady  state  lateral 
acceleration  of  the  vehicle  in  the  turn  was  about  0.4  g.     The  magnitude  of 
the  pitch  oscillations  of  the  simulated  vehicle  are  somewhat  greater  and 
the  suspension  deflections  slightly  out  of  phase  in  comparison  with  the 
measured  data. 

The  discrepancies  between  predicted  and  measured  rebound  deflections 
of  the  suspension  appear  to  have  been  produced  primarily  by  the  assumption 
of  symmetrically  located  and  completely  elastic  deflection-limiting  stops  in 
the  suspensions. 

The  measured  and  predicted  time  histories  of  vehicle  motions  during 
the  alternate  ramp  traversal  tests  (test  series   13)  are  shown  for  comparison 
in  Figures  2.2-10  and  2.2-11.     Although  the  characteristics  of  the  responses 
for  each  test  are  very  similar,    separate  comparisons  are  presented  because 
the  steer  inputs  by  the  driver  were  not  as  repeatable  and  the  time  histories 
of  the  other  measured  variables  were  significantly  different  due  to  the  slight 
difference  in  speeds  for  the  two  tests. 
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[10F3) 

Figure  2.2=10    MEASURED  AND  PREDICTED  RESPONSES  OF  VEHICLE  TRAVERSING  3.6°  - 

21.5"  HIGH  RAMPS  ALTERNATELY  WITH  RIGHT  AND  LEFT  WHEELS  (TEST  13a) 
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SIMULATION 


Iffi  (2  OF  3) 


;ure  2 .  2  -  10    MEASURED  AND  PREDICTED  RESPONSES  OF  VEHICLE  TRAVERSING  3.6°  - 

21.5"  HIGH  RAMPS  ALTERNATELY  WITH  RIGHT  AND  LEFT  WHEELS  (TEST  13a) 
(continued) 
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(3  OF  3) 


Figure  2.2-10    MEASURED  AND  PREDICTED  RESPONSES  OF  VEHICLE  TRAVERSING  3.6°  - 

21.5"  HIGH  RAMPS  ALTERNATELY  WITH  RIGHT  AND  LEFT  WHEELS  (TEST  13a) 
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SIMULATION 


10F3 


ure  2 .  2-  1 1     MEASURED  AND  PREDICTED  RESPONSES  OF  VEHICLE  TRAVERSING  3.6°  - 

21.5"  HIGH  RAMPS  ALTERNATELY  WITH  RIGHT  AND  LEFT  WHEELS  (TEST  13b) 
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SIMULATION 

Figure  2.2-11    MEASURED  AND  PREDICTED  RESPONSES  OF  VEHICLE  TRAVERSING  3.6°  - 

21.5"  HIGH  RAMPS  ALTERNATELY  WITH  RIGHT  AND  LEFT  WHEELS  (TEST  13b) 
(continued) 
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(3  OF  3) 


Figure  2.2-11  MEASURED  AND  PREDICTED  RESPONSES  OF  VEHICLE  TRAVERSING  3.6°  - 

21.5"  HIGH  RAMPS  ALTERNATELY  WITH  RIGHT  AND  LEFT  WHEELS  (TEST  13b) 
(continued) 
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Because  the  two  ramps  were  narrow  with  a  considerable  distance 
between  them  (down  the  roadway),    some  difficulty  was  experienced  in  the 
simulation  in  achieving  a  vehicle  path  that  resulted  in  the  left-side  wheels 
of  the  vehicle  properly  traversing  the  downstream  ramp,   for  reasonable 
lateral  spacing  of  the  ramps  (the  exact  lateral  distance  between  ramps  for 
these  tests  was  inadvertently  not  recorded,   but  could  be  approximately 
determined  from  the  documentary  films).     Among  factors  that  contributed 
to  this  difficulty  were:    (1)  unknown  tractive  torques  applied  to  the  rear 
wheels  in  the  tests,    (2)  unknown  initial  heading  angle  of  the  vehicle  with 
respect  to  the  length  axis  of  the  ramps  (small  steering  corrections  were 
made  just  prior  to  reaching  the  beginning  of  the  ramp),    and  (3)  unknown 
tire  characteristics  at  the  65  psi  inflation  pressure  and  for  the  high  camber 
angles  experienced  in  the  test. 

For  the  simulation  results  shown,    estimated  tire  properties  extra- 
polated from  meager  data  on  the  effects  of  small  changes  in  inflation  pressure 
in  the  25-35  psi  range  were  used.     Also,    an  initial  heading  angle  of  -2 
degrees  was  found  necessary  to  produce  a  vehicle  path  that  would  allow  the 
second  ramp  to  be  traversed  properly.     Movies  of  both  tests  show  that  the 
left  rear  wheel  of  the  automobile  went  off  the  inside  edge  of  the  second  ramp, 
rather  than  the  end,    a  condition  that  also  was  obtained  in  the  simulation 
results. 

It  may  be  seen  from  Figures  2.2-10  and  2.2-11  that  the  time  histories 
of  the  various  detailed  predicted  responses  correlate  well  with  the  measurements 
of  the  tests.     Note  that  the  large  roll  angles  of  approximately  +  24  degrees 
experienced  in  the  tests  are  almost  exactly  predicted  by  the  simulation  model. 
The  slight  lag  in  the  peaks  of  some  of  the  predicted  responses  for  test  13a 
may  be  caused  by  slight  speed  differences  since  the  simulated  vehicle  was 
"coasted",   whereas  the  actual  test  vehicle  probably  had  varying  amounts  of 
power  applied  by  the  driver  in  attempting  to  maintain  a  constant  speed  through- 
out the  tests.     The  substantial  accelerations  of  the  passenger  compartment, 
as  the  vehicle  wheels  strike  the  ground  and  the  suspensions  deflect  to  full 
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jounce  during  the  recovery  from  the  maximum  roll  angles,    are  evident  in 
the  plots  of  the  vertical  and  lateral  accelerations  and  are  predicted  reasonably- 
well. 

That  the  predicted  vehicle  trajectories  are  very  close  to  the  actual 
path  of  the  vehicle  in  the  tests  is  evident  from  Figure  2.2-12  which  shows  a 
computer-graphics  display  of  the  predicted  motions  of  the  automobile 
(test  13a)  for  comparison  with  time-matched  movie  frames  from  one  of  the 
documentary  cameras.     However,   a  readily  noticeable  difference  in  the 
appearance  of  the  automobile  is  apparent  in  comparing  the  last  picture  of  the 
sequences  shown.     This  is  partly  caused  by  differences  in  panning  of  the 
actual  and  simulated  cameras.     The  documentary  camera  was,   of  course, 
manually  controlled  and  the  position  of  the  vehicle  within  the  film  frame 
was,   therefore,   variable  and  dependent  upon  the  manner  in  which  the  operator 
kept  the  approaching  vehicle  within  the  camera  field  of  view.     The  simulated 
"camera",    on  the  other  hand,    automatically  pans  in  a  horizontal  plane  to 
keep  the  vehicle  e.g.    centered  with  respect  to  the  sides  of  the  picture  but 
does  not  pan  vertically.     Hence,    as  the  car  approaches  the  elevated  "camera", 
its  image  moves  toward  the  bottom  edge  of  the  picture.     Automatic  vertical 
panning  was  not  included  in  the  auxiliary  computer-graphics  program  to  avoid 
the  "jitter"  effect  that  would  be  evident  in  a  computer-generated  motion 
picture  due  to  the  "camera"  following  the  sometimes  very  rapid  vertical 
motions  of  the  simulated  vehicle. 

Of  greater  concern,   perhaps,   is  the  disparity  in  the  roll  attitude  of 
the  vehicle.     However,   from  the  plots  of  measured  and  predicted  time  history 
of  the  roll  angle  presented  in  Figure  2.2-10,   it  is  clear  that  this  difference 
is,   in  fact,   attributable  to  the  slight  phase  shift  between  the  two  responses. 
At  the  time  shown  (3.35  sec),    the  simulated  vehicle  is  at  the  maximum 
negative  roll  angle  during  the  recovery  from  traversal  of  the  second  ramp, 
whereas  the  actual  vehicle  has  already  passed  through  this  peak  and  is  at 
the  maximum  positive  roll  angle  that  immediately  follows.     Obviously,    a 
much  more  favorable  pictorial  comparison  would  have  resulted  if  matching 
frames  at  t  =  3.28  or  3.5  seconds  had  been  selected  for  presentation. 
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Figure  2.2-12    ALTERNATE  RAMP  TRAVERSAL  AT  30  MPH 
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Predicted  and  measured  results  for  the  ramp  jump  test  (test  14)  are 
presented  in  Figure  2.2-13.     As  previously  noted,    the  speed  of  the  vehicle 
was  excessive  and  the  car  overshot  the  receiving  ramp  onto  which  it  was 
intended  to  land  after  being  completely  airborne  for  a  distance  of  about 
50  feet.     As  a  consequence  of  the  violent  landing  in  which  the  sprung  mass 
struck  the  ground,   both  at  the  front  and  rear  and  with  sufficient  force  to 
bend  the  frame,    some  test  data  were  lost  and  are  of  doubtful  validity  after 
impact.     The  time  period  during  which  the  oscillograph  traces  were 
unreadable  are  indicated  on  the  plots. 

At  the  present  time,    the  analytical  model  lacks  the  capability  of 
simulating  energy-dissipating  sprung  mass  impacts  with  the  ground.     In 
addition,    because  much  of  the  energy  of  the  vehicle  is  absorbed  and 
subsequently  released  by  the  linear,    completely  elastic  suspension  deflection- 
limiting  stops  assumed  in  the  model,   the  vehicle  rebounds  several  times 
after  the  first  impact  in  the  simulated  results.     For  these  reasons,    the 
predicted  responses  are  not  in  good  agreement  with  the  measured  results 
after  impact. 

It  may  be  seen  that  the  predicted  responses  of  the  pitch  angle  and  the 
suspension  deflections  agree  well  with  the  measured  test  data  up  to  the  point 
of  impact  at  approximately  1.  7  sec.     Note  also  that  the  actual  automobile 
rolled  during  the  free-flight  portion  of  its  trajectory,    reaching  a  maximum 
value  of  about  -10  degrees.     This  may  have  been  caused  by  several  factors, 
including  (1)  slightly  unequal  elevations  of  the  takeoff  ramp  for  the  right  and 
left  pairs  of  wheels,    (2)  unequal  spring  rates  for  the  suspensions  on  each  side 
of  the  vehicle,    or  (3)  the  center  of  gravity  not  on  the  vehicle  longitudinal 
center  line  as  a  result,   perhaps,    of  the  absence  of  a  passenger  on  the  right 
side  to  counteract  the  weight  of  the  driver.     For  the  simulation  results, 
mirror  symmetry  on  either  side  of  the  vertical  plane  containing  the  vehicle 
longitudinal  axis  was  assumed,    thereby  resulting  in  no  roll  motions. 
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(I  of  3) 

Figure  2.2-13    MEASURED  AND  PREDICTED  RESPONSES  OF  VEHICLE  JUMP  FROM 
TAKE -OFF  RAMP 
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Figure  2.2-13    MEASURED  AND  PREDICTED  RESPONSES  OF  VEHICLE  JUMP  FROM 
TAKE  -  OFF  RAMP  (continued) 
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(3  of  3) 
Figure  2.2-13    MEASURED  AND  PREDICTED  RESPONSES  OF  VEHICLE  JUMP  FROM 
TAKE  -  OFF  RAMP  (continued) 
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Pictures  from  movies  of  the  ramp  jump  test  and  computer-generated 
graphic  displays  of  the  predicted  trajectory  at  corresponding  times  are 
shown  for  comparison  in  Figure  2.2-14.     The  close  similarity,   up  to  the  time 
of  impact,   of  the  predicted  trajectory  and  attitude  of  the  automobile  with  those 
shown  in  the  photographs  is  clearly  evident.     At  the  highest  point  of  the 
trajectory,    the  vehicle  center  of  gravity  was  nearly  10  feet  above  the  ground. 
Excessive  pitch  and  bounce  of  the  simulated  vehicle  after  the  landing  impact 
may  be  noted  in  the  last  of  the  sequence  of  pictures.     As  indicated  earlier, 
this  results  primarily  from  the  lack,   in  the  present  model,    of  a  capability 
for  simulating  sprung  mass  impacts  with  the  ground  and  the  attendant 
dissipation  of  energy  in  the  vehicle  structure  that  occurred  in  the  test. 

2.2„5        Vehicle  Response  Sensitivity 

Additional  computer  simulations  of  the  first  of  the 
alternate  ramp  traversal  tests  (test  13a)  were  performed  to  determine 
whether  the  predicted  vehicle  responses  would  be  significantly  altered  by 
use  of  the  "best  estimate"  values  for  the  vehicle  parameters  and  also  by 
increasing    1^     by  approximately  50%.     This  test  condition  was  selected 
because  the  large  roll  angles  experienced  make  it  the  most  suitable  for 
demonstrating  the  effects  of  changes  of  the  vehicle  roll  moment  of  inertia. 

Predicted  responses  of  the  left  front  and  left  rear  wheels  using 

(1)  original  parameter  values  (column  1  of  Table  2.  1-1)  and  (2)  "best 

estimates"  (column  3  of  Table  2.  1-1)  are  depicted  in  Figure  2.2-15  for 

comparison.     Also  shown  in  Figure  2.2-15  are  predicted  roll  responses 

for  the  two  cited  cases  and  for  the  case  of  "best  estimates"  with      Xx 

2 
increased  to  8800  lb-sec    -in.     These  plots  show  that  only  small  changes 

occurred  in  the  responses  when  "best  estimate"  values  were  substituted 

for  the  originally  estimated  vehicle  parameters.     For  the  most  part,    these 

changes  would  appear  to  improve  the  correlation  with  the  responses 

measured  in  the  test,    e.  g.  ,    the  larger  rebound  deflections  of  the  front 

wheel  at  t  =  0.  5  sec  and  t  =   1.65  sec  (see  Figure  2.2-10). 
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Figure  2.2-14    RAMP  JUMP  AT  44  MPH 
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Increasing  the  roll  moment  of  inertia  by  nearly  50%  also  had  only  a 
relatively  small  effect  on  the  roll  response,    resulting  in  only  a  slightly 
higher  peak  amplitude  and  a  generally  lagging  response.     For  that  simulation 
run,   the  left  rear  wheel  went  off  the  inside  edge  of  the  second  ramp  at  a 
lower  height  than  for  the  other  two  simulation  runs,    because  the  change  of 
roll  moment  of  inertia  had  a  slight  effect  on  the  vehicle  trajectory.     Had  this 
not  occurred,   the  maximum  positive  roll  angle  would  have  been  delayed 
slightly  and  would  also  have  been  increased  somewhat  over  that  shown  at 
approximately  t  =  2.8  sec.     Again,    the  response  obtained  with  the  "best 
estimate"  values  for  the  vehicle  parameters  most  nearly  matches  that 
measured  in  the  test,    adding  strength  to  the  conclusion  that  the  measured 
value  for    X*     listed  in  column  2  of  Table  2.  1-1  is  incorrect. 
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2.3       Skidding  Tests  HVOSM-SMI1 

2.3.  1         Test  Vehicle  and  Instrumentation 

The  test  vehicle  and  instrumentation  used  for  this 
test  series  were  identical  to  those  reported  in  Section  2,  1.  1,     However, 
for  test  series   11  and  12,   the  tire  parameters  reflected  estimates  of  65  psi 
inflation  pressure,    and  the  fifth  wheel  was  not  used  for  speed  measurement 
for  fear  of  damage.     Speed  estimates  were  obtained  either  from  the  vehicle 
speedometer  or  from  photographic  reduction. 

2.3.2  Data  Acquisition  and  Reduction 

Data  acquisition  and  reduction  procedures  used  were 
identical  to  those  reported  in  Section  2.  1.2. 

2.3.3  Test  Procedure 

Three  series  of  repeated  tests  involving  vehicle 
skidding  were  performed  as  summarized  in  Table  2.3-1.     Two  of  the  series 
were  forward  skid  tests  in  which  the  skids  were  induced  by  quickly  locking 
only  the  rear  wheels  by  means  of  the  parking  brake  and  almost  simultaneously 
applying  a  large  steer  angle  of  the  front  wheels.     The  other  series  were 
reverse  skids  in  which  the  vehicle,   initially  traveling  backwards,    was 
caused  to  spin  around  by  appropriate  steering  and  throttle  control  inputs 
so  as  to  reverse  its  heading  and  continue  down  the  roadway  without  stopping 
or  application  of  brakes. 

In  the  first  series  of  forward  skids  (tests   10),    a  switch  applying  a 
step  steer  command  signal  was  closed  by  movement  of  the  parking  brake 
pedal  to  assure  good  repeatability  in  the  timing  of  the  brake  and  steering 
control  inputs.     These  tests  were  performed  at  an  initial  speed  of  25  MPH 
on  a  sealed  asphalt  surface  that  was  thoroughly  wetted.     Measurements  of 
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the  coefficient  of  sliding  friction  of  the  wetted  surface  were  attempted, 
using  both  a  Perm  State  Skid  Resistance  Tester  ("Drag  Tester")  and  a 
British  Portable  Skid  Resistance  Tester.     However,   these  devices  provided 
more  of  a  qualitative  indication  of  the  surface  skid  resistance,    rather  than 
an  accurate,  quantitative  measurement  of  the  sliding  coefficient  of  the 
actual  tires  over  the  speed  range  of  2  5  to  0  MPH  experienced  in  the  tests. 

Both  the  second  and  third  series  of  skid  tests  were  performed  by  a 
professional  stunt  driver  on  a  dry  asphalt  pavement.     For  these  tests  (and 
the  previously  described  ramp  tests  using  professional  drivers),    the  vehicle 
was  equipped  with  15  inch  tires  that  were  inflated  to  65  psi.     Also,    the 
electronic  command  steer  mode  was  not  employed  in  these  tests,    so  the 
repeatability  of  the  steering  input  was  not  as  good  as  in  the  first  series. 

For  the  dry  pavement  forward  skids  (test  series   12),    the  rear  wheels 
were  locked  by  the  parking  brake  shortly  after  the  front  wheels  were  steered 
to  the  left.     In  each  of  the  two  tests,    the  driver  reversed  the  steer  angle  of 
the  front  wheels  as  the  vehicle  spun  around  and  came  to  a  stop.     Nominal 
speed  for  these  tests  was  35  MPH. 

Execution  of  the  reverse  skid  tests  (test  series   11)  required  considerable 
skill  by  the  driver  and  involved  some  control  inputs  that  could  not  be  directly 
measured.     Briefly,    the  following  technique  was  employed:    the  vehicle  was 
accelerated  in  reverse  to  a  speed  of  approximately  30  MPH  and  the  front 
wheels  then  steered  as  rapidly  as  possible  to  the  limit  of  negative  steer 
angle.     During  this  time,    the  automatic  transmission  was  also  shifted  from 
reverse  to  low  gear,   which  decreased  the  speed  as  a  result  of  engine  braking. 
At  the  proper  moment,    approximately  after  the  vehicle  had  rotated  through 
90  degrees  change  in  heading  angle,   full,    or  nearly  full  throttle  was  applied, 
and  the  front  wheels  returned  to  essentially  zero  steer  angle.     The  net  result 
was  to  cause  the  vehicle  to  spin  clockwise  approximately  180  degrees,    so  as 
to  continue  down  the  roadway  with  a  (now)  forward  velocity  without  having 
come  to  a  complete  halt  during  the  course  of  the  maneuver.     Both  reverse 
skid  tests  were  performed  on  a  dry  asphalt  surface. 
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2.3.4        Comparison  of  Predicted  and 
Experimental  Results 

The  HVOSM  inputs  used  for  comparison  with  the 
skidding  tests  are  shown  in  Figures  2.3-1  through  2.  3-3.     Experimental 
and  simulated  responses  of  the  vehicle  for  the  first  series  of  skids  (tests   10), 
performed  on  wet  roadway,    are  presented  in  Figure  2.3-4.     Simulation 
results  are  shown  for  two  assumed  values  of  the  tire-ground  friction 
coefficient  (i.e.,    0.3  and  0.4),   to  show  the  effects  on  the  various  responses 
of  changes  in  this  variable,   for  which  the  value  in  the  tests  is  not  accurately- 
known. 

Correlation  between  simulation  and  experiment  is  again  considered  to 
be  very  good.     The  comparison  indicates  chat  the  average  friction  coefficient 
in  the  tests  was  probably  close  to  a  value  of  0.4.     Comparison  of  the  predicted 
and  experimental  time  histories  of  yaw  angle  indicates  that  the  simulated 
vehicle  follows  the  response  of  the  actual  vehicle  up  to  about  90  degrees  of 
yaw  but  does  not  quite  reach  the  full   180  to  185  degree  turnaround  attitude 
experienced  in  the  tests.     This  difference  might  indeed  be  attributable  to  a 
non-constant  coefficient  of  friction  of  the  wetted  asphalt  surface  which  was 
not  of  uniform  roughness,   whereas,    in  the  computer  model,    a  constant 
coefficient  of  friction  is  assumed.     Also,    the  effects  of  velocity  on  the  tire- 
ground  friction  coefficient  are  neglected  in  the  simulation.     During  the 
performance  of  each  test,    a  vibration  or  chattering  of  the  wheels  occurred, 
which  could  be  heard  and  was  felt  by  the  occupants  as  the  rear  end  of  the 
automobile  swung  rapidly  around.     This  phenomenon  would  be  expected  to 
produce  the  effect  of  a  reduced  friction  coefficient  at  the  affected  wheels  and 
hence,   might  have  caused  the  vehicle  to  spin  around  to  a  larger  yaw  angle. 
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T     1Q6   CZP  MfH) 
SIMULATION 

Figure  2.3-4    MEASURED  AND  PREDICTED  RESPONSES  OF  VEHICLE  IN  FORWARD 
SKID  ON  WET  PAVEMENT 
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SIMULATION 

Figure  2.  3-4     MEASURED  AND  PREDICTED  RESPONSES  OF  VEHICLE  IN  FORWARD 
SKID  ON  WET  PAVEMENT  (continued) 
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TIME   SEC.    ;  j* 


..JQC   t2&-MPiU...., ..:_ 

*     IDG    (25  MPH) 
SIMULATION 

Figure  2.  3-4    MEASURED  AND  PREDICTED  RESPONSES  OF  VEHICLE  IN  FORWARD 
SKID  ON  WET  PAVEMENT  (continued) 
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It  may  be  seen  that  the  changes  of  amplitude  of  each  measured  response, 
and  the  times  at  which  these  changes  occur,    are  duplicated  by  the  simulation 
(for  a  friction  coefficient  of  0.4),    although  the  predicted  magnitudes  of  the 
changes  are  generally  smaller.      Of  particular  interest,   perhaps,    are  the 
sudden  and  large  excursions  in  the  measured  test  responses  at  about  t  =  2.  7 
seconds,    the  occurrence  of  which  are  also  predicted  by  the  simulation  model. 
A  review  of  the  tabular  output  of  the  simulation  program  revealed  that  these 
excursions  coincide  with  the  time  at  which  the  right  front  wheel  stops  sliding 
and  the  side  force  of  that  tire  reverses  in  sign  (becomes  negative),   while 
shortly  thereafter,    the  left  front  wheel  stops  sliding  and  its  tire  side  forces 
(positive)  are  greatly  reduced.     This  explanation  of  the  probable  underlying 
reason  for  the  noted  excursions  illustrates  one  advantage  of  a  validated 
computer  model  in  that  sufficiently  detailed  output  information  can  be 
provided  to  enable  an  understanding  of  phenomena  observed  in  experiments 
which  otherwise  could  not  be  explained. 

A  pictorial  display  of  the  predicted  response  is  presented  in  Figure 
2.3-5  along  with  time-matched  frames  from  a  movie  of  the  test. 

Measured  and  predicted  results  for  the  dry  pavement  forward  skid 
tests  (test  series   12)  are  displayed  in  Figure  2.  3-6.     Good  repeatability  of 
the  detailed  responses  were  obtained  even  though  the  driver  steered  the 
vehicle  somewhat  differently  in  the  two  tests.     Simulated  results  are  shown 
for  two  assumed  values  of  the  tire-ground  friction  coefficient,    vis.  ,    0.  75 
and  0.85,   to  show  the  effects  of  variations  of  this  parameter.     The  actual 
value  is  unknown  but  believed  to  have  been  within  this  range. 

The  agreement  between  the  predictions  and  measurements  is  generally 
better  than  that  achieved  for  the  skid  on  wet  pavement,   particularly  for  the 
yaw  and  roll  angle  responses.     It  may  be  seen  that  the  simulated  vehicle 
closely  followed  the  measured  change  in  heading  angle  throughout  the  entire 
rotation  of  approximately  180  degrees.     The  test  vehicle  actually  turned 
slightly  more  than  180  degrees  but  the  yaw  angle  could  not  be  measured 
beyond  this  value  because  the  polarity  of  the  gyro  pickoff  signal  reversed  at 
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SEC.      1.700 


5EC.       2.100 


Figure  2.3-5    PHOTOGRAPHIC  AND  COMPUTER  GRAPHIC  DISPLAY  OF  SKIDDING  VEHICLE 
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Figure  2.  3-6    MEASURED  AND  PREDICTED  RESPONSES  OF  VEHICLE  IN  FORWARD 
SKID  ON  DRY  PAVEMENT 
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SIMULATION  (2  of 

Figure  2.  3-6    MEASURED  AND  PREDICTED  RESPONSES  OF  VEHICLE  IN  FORWARD 
SKID  ON  DRY  PAVEMENT  (continued) 
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SIMULATION         (3  of  3) 

Figure  2.3-6    MEASURED  AND  PREDICTED  RESPONSES  OF  VEHICLE  IN  FORWARD 
SKID  ON  DRY  PAVEMENT  (continued) 
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this  point  and  caused  the  oscillograph  galvanometer  trace  to  be  driven  off 
the  record.     The  principal  difference  between  the  predicted  and  measured 
results  appears  in  the  plot  of  the  right  front  wheel  suspension  deflection, 
which  shows  a  slightly  higher  sustained  jounce  deflection  for  the  simulated 
vehicle.     Recovery  from  the  maximum  value  of  positive  6  degrees  of  roll 
occurs  slightly  earlier  in  the  predictions,   which  action  is  also  reflected  in 
the  plots  of  each  of  the  suspension  deflections.     The  accelerations  of  the 
passenger  compartment  are  accurately  predicted. 

The  reverse  skid  test  (test  series   11)  measurements  and  computer 
simulation  results  are  presented  in  Figure  2.3-7.     Considering  the  complexity 
of  the  driver  control  inputs  required  to  execute  the  maneuver,   the  repeat- 
ability of  the  responses  measured  in  these  tests  is  indeed  surprisingly  good. 

Part  of  the  data  for  the  front  wheel  steer  angle  for  these  tests  are 
lacking  because  of  inadvertent  improper  positioning  of  the  oscillograph 
trace  on  the  record.     Estimates  of  the  steer  angles  were,   therefore,   made 
by  extrapolating  to  the  limiting  steer  angle,   with  the  assumption  that  the 
steering  rates  were  constant  and  equal  to  those  immediately  preceding  and 
following  the  region  in  which  the  recording  trace  was  missing  (steer  angles 
less  than  -15  degrees).     The  magnitudes  and  times  of  application  of  other 
control  inputs  that  could  not  be  directly  recorded  (engine  braking  resulting 
from  shifting  from  reverse  to  low  gear  and  subsequent  tractive  torques 
from  throttle  application)  that  were  used  in  the  computer  simulation  of  this 
test  were  also  estimated  from  the  measured  time  history  of  longitudinal 
acceleration  (AX1)  and  the  documentary  movie  films. 

Excellent  correlation  with  the  test  measurements  was  obtained  with 
the  computer  simulation,   particularly  the  results  shown  for  an  assumed 
tire-ground  friction  coefficient  of  0.85.     It  is  interesting  to  note  that  the 
larger  value  of  friction  coefficient  resulted  in  the  vehicle  rotating  more 
rapidly  and  through  a  slightly  greater  change  in  heading  angle.     In  addition, 
the  measured  sudden  change  in  lateral  acceleration  at  approximately  t  =  2.6 
sec.  is  much  more  closely  matched. 
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Figure  2.3-7      MEASURED  AND  PREDICTED  RESPONSES  OF  VEHICLE 
IN  REVERSE  SKID  ON  DRY  PAVEMENT 
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Figure  2.3-7      MEASURED  AND  PREDICTED  RESPONSES  OF  VEHICLE 
IN  REVERSE  SKID  ON  DRY  PAVEMENT  (Continued) 
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From  the  measurement  plots  of  the  longitudinal  acceleration,   it  is 
evident  that  the  vehicle  was  accelerating  backwards  at  approximately  0.  15  g 
during  the  first  half-second  of  the  test.     The  present  analytical  model  does 
not  have  the  capability  of  simulating  a  vehicle  accelerating  in  reverse  (negative 
tractive  torques).     For  this  reason,   no  wheel  torques  were  used  in  the 
simulation  runs  for  this  period.     Furthermore,    the  average  of  the  vehicle 
speeds  at  "time  zero"  for  the  tests,    as  determined  from  film  data,   was 
assumed  for  the  initial  velocity,   i.e.  ,    no  velocity  change  due  to  accelerating 
in  reverse  was  considered. 

The  large  change  in  yaw  attitude  of  the  vehicle  in  the  skidding  tests 
created  some  difficulty  in  achieving  an  accurate  measurement  of  the  true 
pitch  and  roll  motions,   partly  because  of  the  test  procedure  employed. 
If  the  spin  axis  of  the  pitch- roll  gyro  is  misaligned  with  the  true  vertical 
at  the  time  of  uncaging  the  gimbals,    subsequent  pure  yaw  rotations  about 
the  vehicle  yaw  (vertical)  axis  will  produce  erroneous  pitch  and  roll  signals, 
which  vary  with  the  yaw  angle. 

That  this  indeed  was  the  case  during  the  first  series  of  skidding  tests 
was  evidenced  by  the  pitch  attitude  oscillograph  record  which  indicated  that 
the  vehicle,   when  completely  stopped  after  rotating  180  degrees  in  yaw,   was 
in  about  a  4  degree  nose  down  attitude.     Since  this  was  obviously  an  instru- 
mentation error,    the  alignment  of  the  gyro  package  in  the  vehicle  was  checked 
and  found  to  be  2  degrees  off  the  vertical  under  the  loading  condition  of  the 
test.     This  inclination  would  produce  an  erroneous  indicated  pitch  change  of 
4  degrees  with  a  180  degree  change  in  the  vehicle  heading.     The  error  in  the 
indicated  roll  attitude  varies  as  the  sine  of  the  yaw  angle  and  would  have  a 
maximum  value  of  2  degrees. 

The  experimental  pitch  and  roll  data  that  are  shown  in  Figure  2.  3-4 
are  corrected  data  for  an  assumed  misalignment  of  the  gyro  spin  axis  of 
2  degrees.     Because  the  gyros  were  uncaged  while -the  vehicle  was  in  motion 
and  pitching  slightly  during  the  approach  to  the  skid  area,    the  actual  mis- 
alignment of  the  spin  axis  from  the  vertical  could  vary  slightly  depending 
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upon  the  instantaneous  attitude  of  the  vehicle  at  uncaging.     This  is  believed 
to  be  the  principal  reason  for  the  pitch  and  roll  angle  deviations  that  occurred 
in  some  of  the  test  runs. 

2.3.5        Vehicle  Response  Sensitivity- 
No  vehicle  response  sensitivity  analysis  was  conducted 
for  this  test  series. 
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2.4       Bridge  Rail  Impact  Test  HVOSM-SMI1 

2.4.  1         Test  Vehicle  and  Instrumentation 

The  test  vehicle  for  the  bridge  rail  impact  test  was 
a  1963  Ford  Galaxie  four-door  sedan  formerly  used  by  the  New  York  State 
Police.     The  automobile  was  self-powered  and  equipped  with  automatic 
control  systems  for  accelerating  up  to  speed  and  for  steering  during  the 
approach  to  the  point  of  impact  with  the  bridge  railing. 

The  automatic  guidance  system  consisted  of  a  pair  of  coils  mounted 
on  the  front  bumper  which  sensed  lateral  displacements  from  a  signal  wire 
embedded  along  the  center  line  of  the  approach  roadway.     Unbalanced 
electrical  signals  from  the  coil  pickups,   when  the  vehicle  is  not  in  the 
center  of  the  roadway,   are  amplified  and  applied  to  an  electrohydraulic 
servo  valve  which  controls  the  flow  of  oil  to  the  vehicle  power  steering 
actuator  cylinder  to  steer  the  car  back  on  the  desired  path. 

The  speed  control  system  was  an  adaptation  of  an  automatic  speed 
control  unit  for  automobiles  that  is  available  commercially.     The  system 
was  adjusted  so  that  the  vehicle  would  accelerate  from  zero  speed  to 
maximum  throttle  opening.     Vehicle  speed  was  measured  by  a  sensor  driven 
by  the  speedometer  cable,    and  the  throttle  setting  was  reduced  as  the  speed 
approached  the  desired  preset  terminal  impact  speed. 

A  manually  controlled  brake  application  system  was  also  installed 
in  the  vehicle,   for  reasons  of  safety,    to  provide  an  abort  capability  during 
the  approach  to  the  bridge  railing  and  for  braking  the  vehicle  after  the 
impact. 
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2.4.  1.  1       Vehicle  Parameters 

The  vehicle  employed  in  the  impact  test 
was  a  1963  Ford,    similar  to  the  one  used  in  prior  validation  experiments. 
Consequently,   the  basic  vehicle  parameters  used  in  the  simulation  were 
the  same  as  reported  in  Section  2.  1.  1.  1  with  minor  differences  to  account 
for  total  weight  and  weight  distribution. 

Bridge  Rail  Configuration 

The  experimental  bridge  rail  for  the  first  test,    shown  in  the 
photographs  of  Figure  2.4-1,    consisted  of  two  continuous,   horizontal  beam 
rails  connected  by  means  of  lever  arms  to  tabular  torsion  posts  that  support 
the  entire  structure.     Flexibility  of  the  barrier  was  achieved  through  twisting 
of  the  torsion  posts,    allowing  the  relatively  stiff  rails  to  deflect  laterally 
up  to  10  inches  before  reaching  the  yield  stress  of  the  post  material. 

The  ground  clearance  of  the  lower  of  the  two  8"  x  6"  x  1/4"  rails 
was   10  inches;  overall  height  of  the  bridge  railing  was  34  inches.     The 
calculated  effective  overall  lateral  bridge  railing  stiffness  was  approximately 
4000  lbs/in. 

The  design  of  the  bridge  rail  for  the  second  full-scale  test  was 
similar  to  the  first  configuration,    the  major  difference  being  in  the  design 
of  the  torsion  tube  lever  arms.     The  stiff  rectangular  tube  lever  arms 
were  replaced  by  a  leaf  spring  arrangement  which  would  bend  under  the 
applied  impact  loads  to  increase  the  elastic  deflection  range  of  the  bridge 
railing.     The  modified  lever  arms  were  designed  to  provide  an  additional 
10  inches  of  elastic  deflection  (20"  total),    thereby  effectively  doubling  the 
elastic  range  of  the  first  test  configuration.     The  effective  lateral  stiffness 
of  the  bridge  railing  was,   therefore,    halved  to  a  value  of  approximately 
2000  lbs/in. 
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2.4.1.2       Instrumentation 

Instrumentation  mounted  on  the  vehicle  to 
measure  its  dynamic  responses  during  impact  included  a  pair  of  two-degree- 
of-freedom,    free  gyroscopes  and  three  accelerometers.     These  instruments, 
along  with  associated  power  supplies  and  signal  conditioning  electronics 
were  mounted  on  a  rigid  aluminum  plate  securely  fastened  in  the  rear  of  the 
passenger  compartment.     The  gyroscopes  were  used  to  measure  the  yaw, 
pitch  and  roll  angular  displacements  of  the  vehicle  with  respect  to  a  space- 
fixed  reference  axis  system.     The  three  accelerometers,   located  on  the 
vehicle  center  line  and  approximately  three  feet  aft  of  the  center  of  gravity, 
measured  passenger  compartment  accelerations  in  the  longitudinal, 
transverse  and  vertical  directions,    respectively. 

All  signals  from  the  on-board  instrumentation  were  transmitted  to 
recorders  in  an  instrumentation  van  via  an  umbilical  cable  attached  to  and 
trailing  the  rear  of  the  test  vehicles.     Photographs  showing  some  of  the 
instrumentation  and  equipment  installed  in  the  test  vehicles  are  presented 
in  Figure  2.4-2.     Instrumentation  characteristics  are  summarized  in 
Table  2.4-1. 

The  bridge  railings  were  instrumented  with  strain  gauges  to  provide 
a  measure  of  the  dynamic  loads  and  stresses  applied  to  the  structure  during 
impact.     For  the  first  test,    strain  gauges  were  attached  to  the  lever  arms 
of  post  assemblies  Nos.    4  and  5,    i.  e.  ,    on  the  arm  closest  to  the  point  of 
impact  (No.    4)  and  the  adjacent  arm  in  the  upstream  direction.        These 
strain  gauges,    which  were  located  12  inches  from  the  centers  of  the  posts, 
permitted  calculation  of  the  lateral  loads  transmitted  by  the  arms  and  the 
resulting  torsional  moments  applied  to  the  posts. 


Post-arm  assemblies  are  numbered  1  through  7  beginning  at  the  down- 
stream end  of  the  bridge  railing. 
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In  the  test  of  the  second  bridge  railing  configuration,    three  of  the 
torsion  posts  were  instrumented  with  strain  gauges.     A  three-gauge  rosette 
was  used  on  post  No.   4  whereas  single  gauges  oriented  45  degrees  to  the 
axis  of  the  torsion  tubes  were  mounted  on  each  of  the  two  adjacent  posts 
(Nos.    3  and  5). 

Graduated  scales  attached  to  the  ends  of  the  torsion  tube  lever  arms 
were  photographed  with  high  speed  cameras  to  obtain  time  histories  of 
bridge  railing  deflection.     Only  the  deflection  of  post  arm  No.   4,   which  was 
also  measured  with  a  string  potentiometer,   was  obtained  in  the  first  test. 
For  the  second  test,    the  displacements  of  arm  Nos.    3,   4  and  5  were 
recorded  photographically. 

Five  high  speed  movie  cameras  using   16  mm  color  film  and  operating 
at  frame  speeds  between  400  and  1500  frames  per  second  were  employed  to 
obtain  a  visual  record  of  the  impacts.     Cameras  were  located  to  view  the 
car  and  bridge  railing  from  both  directions  along  the  rail  at  ground  level 
as  well  as  one  camera  which  provided  an  end  view  from  an  elevated  position. 
Data  cameras  were  also  positioned  behind  the  bridge  rail  to  photograph 
graduated  scales  attached  to  the  ends  of  the  torsion  post  arms  for  determining 
time  histories  of  deflection  from  a  frame  by  frame  analysis.     All  high  speed 
data  cameras  were  equipped  with  neon  lamps  that  were  triggered  by  a 
Red  Lake  Laboratory  timing  light  generator  for  recording  timing  pulses  on 
the  films  at  0.010  second  intervals. 

Documentary  photographic  coverage  was  obtained  with  another 
movie  camera  operated  at  a  nominal  speed  of  50  frames  per  second  and  by 
still  photos  of  the  vehicle  and  bridge  railing  before  and  after  the  tests. 

2.4.2         Data  Acquisition  and  Reduction 

Signals  from  the  various  instrumentation  transducers 
were  amplified  by  Nexus  USL-1  solid  state  operational  amplifiers  which, 
for  vehicle  instruments,   were  mounted  in  the  test  cars  along  with  the 
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necessary  power  supplies  and  associated  electronic  circuitry.     The  amplified 
signals  were  transmitted  through  an  umbilical  cable  and  recorded  on  two 
Consolidated  Electrodynamic  Corporation  light  beam  oscillographs.     Several 
data  channels  were  also  recorded  on  a  Precision  Instrument  7  channel  FM 
magnetic  tape  recorder. 

Two  strip  switches  spaced  8  ft.    apart  were  placed  across  the  approach 
roadway  a  short  distance  ahead  of  the  bridge  railing.     Closure  of  the  switches 
upon  traversal  by  the  wheels  of  the  test  car  produced  pulses  which  were 
recorded  on  the  oscillographs  for  determination  of  impact  speed.     The 
redundancy  provided  by  this  system,   which  allowed  two  independent  calcu- 
lations of  the  speed  based  either  on  the  known  spacing  between  the  switches 
or  on  the  wheelbase  of  the  test  vehicle,   was  a  safeguard  against  possible 
malfunction  of  one  of  the  switches. 

Another  strip  switch  attached  to  the  face  of  the  bridge  railing  at  the 
point  of  impact  closed  circuits  to  fire  flashbulbs  strategically  located  in  the 
field  of  view  of  all  data  cameras  for  correlation  of  "time  zero"  at  initial 
contact  in  the  film  and  oscillograph  records. 

2.4.3         Test  Procedure 

In  the  test  of  the  first  experimental  torsion  post  bridge 
railing  design,    the  1963  Ford  weighing  4312  lbs.   impacted  at  a  speed  of 
52  MPH  and  at  angle  of  approach  of  25  degrees.     The  bridge  railing  successfully 
contained  the  vehicle  and  redirected  it  smoothly  without  violent  pitching  or 
rolling  motions  or  spin-out  due  to  snagging.     A  photographic  sequence  of 
the  impact  is  shown  in  Figure  2.4-3. 

The  vehicle  departed  from  the  railing  on  essentially  a  straight  path 
at  an  angle  of  12.5  degrees  as  measured  from  the  tire  tracks  on  the 
pavement.     The  brakes  were  automatically  applied  when  the  umbilical  cable 
was  torn  loose  from  the  car  at  0.  3  seconds  after  impact,    and  the  vehicle 
came  to  rest  approximately  142  feet  downstream  from  the  impact  point 
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Figure  2.4-3    SEQUENCE  PHOTOS  OF  TEST  NO.  1  IMPACT 
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near  the  center  of  the  railing  and  33  feet  laterally  onto  the  roadway  from 
the  rail.  Scratches  on  the  face  of  the  rails  indicated  that  the  vehicle  was 
in  contact  with  the  bridge  railing  for  a  distance  of  approximately  14  feet. 

2.4.4        Comparison  of  Predicted  and 
Experimental  Results 

The  measured  responses  of  the  vehicle  and  the 
bridge  railing  are  presented  in  Figure  2.4-4  along  with  results  from 
computer  simulations  of  the  impact.     The  lateral  acceleration  measured 
in  the  passenger  compartment  was  generally  between  4  and  5  g's  except 
for  some  short  duration  higher  accelerations  that  occurred  when  the 
vehicle  was  in  broadside  contact  with  the  rails.     Note  that  the  deflected 
railing  was  returning  from  the  maximum  deflected  position  at  the  same 
time  that  the  rear  of  the  car  swung  rapidly  around  to  impact  the  railing 
which  probably  contributed  to  the  increased  lateral  acceleration  at  that 
time.     Also,    because  the  accelerometer  was  located  approximately  3  feet 
aft  of  the  center  of  gravity,    the  measured  accelerations  include  effects  of 
the  angular  acceleration  of  the  vehicle  about  the  yaw  axis.     Hence,   the 
accelerations  shown  are  initially  less  than  those  at  the  vehicle  e.g.   and 
later  greater  as  the  effective  point  of  application  of  the  impact  force  moves 
aft  of  the  center  of  gravity. 

Data  for  all  on-board  instrumentation  was  terminated  when  the 
umbilical  cable  became  disconnected  from  the  vehicle  at  0.3  seconds  after 
initial  contact  with  the  railing.     No  data  were  obtained  for  the  longitudinal 
and  vertical  accelerations  of  the  car  because  of  a  failure  in  the  power  supply 
for  these  instruments.     Although  pitch  and  roll  data  were  obtained,   these 
data  are  not  presented  since  the  maximum  values  in  each  case  were  only 
approximately  3.5  degrees. 
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Figure  2.4-4    VEHICLE  AND  BRIDGE  RAILING  RESPONSES  -  TEST  NO.  1 
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The  simulation  results  shown  in  Figure  2.4-4  compare  favorably 
with  the  measured  responses  except  for  the  barrier  deflection  during 
unloading.     However,    it  should  be  noted  that  the  effective  spring  rate  of 
the  actual  bridge  railing  decreased  markedly  when  the  torsion  post  nearest 
the  point  of  impact  (No.   4)  failed  at  100  milliseconds  which  resulted  in 
greater  rail  deflections. 

The  inputs  used  in  the  simulation  comparison  are  shown  in 
Figure  2.4-5.     It  should  be  noted  that  difficulties  in  the  logic  associated 
with  determining  the  vehicle-to-barrier  interface  were  encountered  when 
significant  roll  of  the  vehicle  took  place.     Consequently,   it  was  necessary 
to  artificially  increase  the  roll  moment  of  inertia  in  order  to  suppress 
vehicle  roll  response  to  obtain  a  solution. 

2.4.5        Vehicle  Response  Sensitivity 

No  response  sensitivity  analysis  was  conducted. 
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Figure  2.4-5        HVOSM  IMPACT  COMPARISON  INPUTS 
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2.5       Straight  Ahead  Braking  HVOSM-VD1 

2,5.  1         Test  Vehicle  and  Instrumentation 

The  test  vehicle  which  was  instrumented  and  used  to 
obtain  the  braking  dynamics  validation  data  was  a  1963  Ford  Galaxie  four- 
door  sedan  (Figure  2.5-1)  equipped  with  power  steering  and  power  brakes. 
This  vehicle  is  identical  to  that  used  in  earlier  validation  efforts  (Sections 
2,  1.2.4)  and  thus  eliminated  the  need  to  remeasure  all  the  vehicle  parameters, 
The  basic  vehicle  parameters  as  previously  measured  and  reported  were 
appropriately  modified  to  account  for  the  instrumentation  which  was  installed 
for  the  present  tests.     Additional  parameters  were  required  to  define  the 
vehicle  drive-line  and  brake  system.     The  procedures  used  to  measure 
these  parameters  and  the  results  obtained  are  presented  in  Section  2.  5.  1.  1. 

Inspection  of  the  brakes  on  the  car  as  received,    revealed  significant 
scoring  of  the  drums  and  shoes  and  one  leaking  wheel  cylinder  which  had 
saturated  the  shoes  of  that  wheel.     To  assure  that  the  braking  system  would 
perform  in  a  uniform  and  predictable  manner  for  the  tests,    a  complete 
brake  system  overhaul  was  performed.     Two  oT  the  brake  drums  were 
replaced,    and  all  four  drums  were  machined  to  remove  taper,    scoring  and 
out-of- round.     The  wheel  cylinders  were  rebuilt  and  all  the  brake  linings 
replaced  and  cam  ground  match  the  drums.     The  car  was  driven  for  a 
period  of  time  on  the  test  track  in  a  manner  so  as  to  "wear  in"  the  linings 
prior  to  the  brake  calibration  measurements  and  the  validation  tests. 

The  only  other  modification  to  the  vehicle,    other  than  installation 
of  the  instrumentation  system,   was  the  installation  of  a  new  set  of  tires 
and  wheels  to  match  those  for  which  tire  data  was  obtained.     The  tire  data 
was  supplied  by  General  Motors  for  "current"  model  tires.     This  data  was 
for  Uniroyal  G78-14  bias-belted,   polyester-fiber  glass  tires  (product/size 
number  3781-143)  mounted  on  six  inch  rims. 


100 


Figure  Z.  5-1    TEST  VEHICLE 
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2.  5.  1.  1       Vehicle  Parameters 

Except  for  small  modifications  to  account 
for  the  installed  instrumentation  system,    the  basic  vehicle  parameters 
defining  its  component  masses,    dimensions,    suspension  system,    etc.  ,   were 
the  same  as  those  used  in  Section  2.  1„  1,   because  the  two  test  vehicles  were 
identical.     These  basic  parameters  for  the  vehicle  in  the  test  configuration 
(i.  e.  ,   including  instrumentation  and  data  recording  system,    full  fuel  tank, 
driver  --   130  lbs.    and  front  seat  passenger  --   190  lbs.  )  are  summarized 
in  Table  2.5-1. 

The  tire  data  were  supplied  by  General  Motors.-  An  analytical  fit 
to  these  experimental  data  for  use  in  the  computer  simulation  was  made. 
The  tire  parameters  resulting  from  this  fit  are  summarized  in  Table  2.5-2. 
The  radial  stiffness,      K-j-     ,    of  the  tire  in  its  linear  range  was  determined 
from  the  measured  change  in  tire  radius  between  the  no  load  condition  and 
its  nominal  static  load  condition.     The  parameters  (     (Jf-      and      ~Kj    ) 
defining  the  change  in  radial  tire  stiffness  for  large  loads  are  estimates 
based  on  very  limited  available  data.     The  parameter  AMU  is  used  to 
establish  the  level  of  the  tire/ground  locked  wheel  friction  coefficient, 

JU.      .     The  RATIO  table  is  the  means  by  which  the  variation  of    LL      with  speed 
and  vertical  tire  load  is  implemented  in  the  simulation. 

The  computer  simulation  includes  the  wheel  and  drive-line  equations 
of  motion  and  thus  requires  that  the  respective  moments  of  inertia  be 
specified.     These  moments  of  inertia  were  measured  as  part  of  this  effort 
and  are  summarized  in  Table  2.  5-3.     The  procedures  by  which  these 
inertias  were  measured  are  described  in  the  following  paragraphs. 


102 


Table  2.5-1 

BASIC  PARAMETER  VALUES  OF  TEST  VEHICLE 
1963  FORD  GALAXIE  FOUR-DOOR  SEDAN 
(with  Driver  and  Front  Seat  Passenger) 


Value  Used 
11.05 
0.608 
0.945 
6000 
40000 
40000 
-192 
453.6 
58.5 
60.  75 
61.2 
60.5 
46.52 
9.05 
10.95 
-2.0 
13.46 
131.  0 
194.0 
1.30 
1.  75 
58.  0 
97.0 
-2.9 
4.3 


Para 

meter 

Ms 

MUF 

2 
(lb-sec    )/in. 

2    , 
(lb-sec    )/in. 

MUR 

2 

(Ib-s-ec    )/in. 

Ix 

1U                  2 

m-lb-sec 

U 

•        iu             2 
ln-lb-sec 

I* 

•        1W              2 

m-lb-sec 

•  ,u            2 
m-lb-sec 

•  ,u             2 
ln-lb-sec 

a 

in. 

b 

in. 

TF 

in. 

TR 

in. 

i% 

in. 

^ 

in. 

2* 

in. 

e 

in. 

Riv 

in. 

Kp 

lb/in. 

K* 

lb/in. 

cF 

(lb-sec)/in. 

Q 

(lb-sec)/in. 

C'r 

lb 

c. 

lb 

.JXFC 

in. 

-n-n 

in. 
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Table  2.5-1  (Continued) 
BASIC  PARAMETER  VALUES  OF  TEST  VEHICLE 
1963  FORD  GALAXIE  FOUR -DOOR  SEDAN 
(with  Driver  and  Front  Seat  Passenger) 


Parameter 

Value  Used 

-rt-*c 

-4.3 

-n*e 

4.5 

Kr 

(lb-in/rad) 

266000 

*k 

(lb-in/rad) 

59244 

Kfts 

0.059 

0,    '    02 

degrees 

for 

$,-  <4 

=  -5 

in. 

-5.70 

4 

in. 

-3.90 

3 

in. 

-2.45 

2 

in. 

-1.30 

1 

in. 

-0.40 

0 

in. 

0.30 

1 

in. 

0.60 

2 

in. 

0.65 

3 

in. 

0.30 

4 

in. 

-0.40 

5 

in. 

-1.30 
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Table  2.  5-2 
TIRE  PARAMETER  DATA  FOR 
INFLATION  PRESSURE  =  28  PSI 


Parameter  Value 

JCT  lb/in.                                                              1300.0 

g~_  in.                                                                            3.0 

Ar  10.0 

A0  4000.0 

A,  8.4 

/^2  3000.0 


A 

'*  4200.0 


?  1.71 

4. 


^5"  0.941 

4fc  -1.-783  x   10' 

/4?  3.33  x  10_i 


T 


1.0 


yf/Wtf  0-987 
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Table  2.5-3 
MOMENTS  OF  INERTIA 


2 
Front  Wheel  12.2  in-lb-sec 

2 
Rear  Wheel  13.6  in-lb-sec 

2 
Drive  Line  6,5  in-lb-sec 


The  measurement  of  the  front  wheel  (including  brake  drums,    etc.  ) 
moment  of  inertia  was  accomplished  by  suspending  the  wheel  (from  a  10  ft. 
length  of  1/4  inch  drill  rod)  as  a  torsional  pendulum.     The  torsional  spring 
rate  of  the  drill  rod  and  the  natural  frequency  of  the  resulting  torsional 
pendulum  were  measured.     From  these  measurements  and  the  equation  for 
the  undamped  natural  frequency  of  a  simple  second  order  system,    the 
moment  of  inertia  of  the  wheel  was  computed.     The  "effective"  moment  of 
inertia  of  the  rear  wheel  includes  the  inertia  of  the  wheel,    tire,   brake  drum, 
rear  axle  and  those  gears  in  the  differential  which  can  move  with  either 
wheel  while  the  drive  shaft  is  stationary.     The  effective  moment  of  inertia 
of  the  drive  line  includes  the  inertia  of  the  drive  shaft,    universal  joints, 
transmission  output  shaft,    differential  drive  pinion  and  shaft  plus  the 
"effective"  inertia  at  the  drive  shaft  of  the  transmission  and  differential 
gearing  which  moves  with  the  drive  shaft  when  the  transmission  is  in  neutral, 

Because  of  the  complexity  and  the  number  of  components  contributing 
to  the  moment  of  inertia  of  the  rear  wheels  and  drive  line,   it  was  not  practi- 
cal to  remove  them  from  the  vehicle  and  disassemble  them  to  measure  the 
inertias  of  the  individual  component  parts  in  the  manner  used  for  the  front 
wheels.     Instead,    the  "effective"  moments  of  inertia  of  the  rear  wheels  and 
drive  line  were  indirectly  measured  by  use  of  a  forced  oscillation  method. 
In  this  method,    the  "effective"  moments  of  inertia  of  the  system  can  be 
indirectly  determined  by  adding  springs  (of  known  spring  rate)  to  the  system 
and  then  measuring  the  system  undamped  natural  frequency.     From  the 
undamped  natural  frequency  and  spring  rate,    the  system  effective  inertia 
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can  be  computed.     The  undamped  natural  frequency  of  a  damped  system 
obviously  cannot  be  obtained  from  free  oscillation  tests.     It  can,    however, 
be  determined  by  forced  oscillation  tests  as  that  frequency  at  which  the 
forced  response  of  the  system  lags  the  applied  shaking  torque  by  90  degrees. 
This  phase  relationship  can  be  readily  observed  on  an  oscilloscope  where 
the  vertical  deflection  of  the  beam  is  proportional  to  the  system  response 
and  the  horizontal  deflection  of  the  beam  is  proportional  to  the  applied 
shaking  torque.     The  proportionality  of  these  signals  to  the  physical 
parameters  need  not  be  known  --  all  that  is  required  is  that  each  signal 
must  be  in  phase  with  the  variation  of  the  corresponding  physical  quantity. 
The  resulting  "scope"  patterns  will  become  symmetric  about  the  vertical 
axis  when  the  phase  lag  becomes  equal  to  90  degrees.     The  shaking  fre- 
quency for  which  this  occurs  is  the  desired  undamped  natural  frequency. 

The  experimental  setup  used  for  making  the  rear  wheel  and  drive- 
line  moment  of  inertia  measurements  is  shown  in  the  photographs  in 
Figure  2.5-3.     An  oscillating  torque  of  controlled  amplitude  and  frequency 
was  applied  to  one  wheel  by  an  electromagnetic  shaker  via  a  force  rod, 
lever  arm  and  wheel  fixture  as  shown  in  the  photographs. 

The  elastic  restoring  torques  for  the  wheels  were  provided  by  a 
torsion  bar  attached  to  each  wheel  via  the  wheel  fixtures.     The  end  restraint 
for  each  torsion  bar  was  provided  by  a  simple  "A"  frame  clamped  to  it 
which  reacted  the  loads  to  the  floor.     The  torsional  stiffness  of  the  bars 
could  be  adjusted  by  moving  the  location  of  the  "A"  frame  end  restraints 
and  thereby  changing  the  length  of  the  bars.     The  elastic  restoring  torque 
for  the  drive  shaft  was  provided  by  a  cantilever  leaf  spring  attached  to  it 
via  a  "U"  bolt. 

A  signal  proportional  to  the  applied  shaking  torque  was  obtained 
from  a  pair  of  strain  gauges  mounted  on  the  root-end  of  the  lever  arm. 
Signals  proportional  to  the  displacements  in  the  system  were  obtained  from 
accelerometers  attached  to  each  tire  and  the  drive  shaft.     The  torque  and 
angular  displacement  signals  were  applied,    respectively,   to  the  horizontal 
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WHEEL  FIXTURE 


STRAIN 
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TORSION 
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END  RESTRAINT 

Figure  2.5-3    EXPERIMENTAL  SET-UP  FOR  MEASURING  THE  REAR  WHEEL  AND 
DRIVE-LINE  MOMENTS  OF  INERTIA 
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and  vertical  axes  of  an  oscilloscope.     The  shaker  was  driven  with  a  low 
frequency  oscillator  and  power  supply.     The  shaking  frequency  was  deter- 
mined from  its  period  which  was  measured  with  an  interval  counter. 

To  determine  the  "effective"  moment  of  inertia  of  the  rear  wheels, 
the  drive  shaft  degree  of  freedom  was  locked  out  by  placing  the  transmission 
in  "park",    and  the  torsion  bars  were  used  to  apply  a  preload  torque  to  the 
differential  gears.     The  natural  frequency  of  the  rigid  body  mode  of  this 
system  was  then  adjusted  via  the  torsion  bar  stiffness  (i.  e.  ,   length 
variation)  to  be  sufficiently  below  the  natural  frequency  of  the  first  elastic 
mode  (that  mode  where  the  rear  axles  are  elastically  responding  to  the 
excitation)  so  as  to  eliminate  any  significant  interaction  between  them. 
The  torsional  stiffness  of  the  torsion  bars  was  measured  by  static  loading. 

The  natural  frequency  of  the  system  was  determined  as  that  shaking 
frequency  which  resulted  in  a  90  degree  phase  lag  of  the  response  (displace- 
ments) relative  to  the  applied  shaking  torque.     The  90  degree  phase 
relation  is  accurately  identified  on  the  oscilloscope  by  symmetry  of  the 
Lissajous  pattern  about  the  vertical  axis.     The  sensitivity  of  the  pattern 
symmetry  to  changes  in  the  shaking  frequency  in  the  neighborhood  of  the 
natural  frequency  is  evident  in  the  photographs  of  the  oscilloscope  patterns 
presented  in  Figure  2.5-4.     The  shaking  frequency  which  resulted  in  the 
pattern  of  the  upper  photo  is  judged  to  be  the  natural  frequency  of  the 
system.     A  reduction  of  only  1-1/2  percent  in  the  shaking  frequency  from 
this  natural  frequency  resulted  in  the  pattern  of  the  lower  photo  of 
Figure  2. 5-4. 

The  procedure  used  for  determining  the  "equivalent"  drive-line 
inertia  follows  that  described  above  except  that  the  transmission  was  in 
neutral  and  the  rear  wheel  torsion  bars  were  preloaded  against  the  drive 
shaft  spring  to  eliminate  differential  gear  backlash.     The  "equivalent" 
drive-line  inertia  includes  the  inertias  of  the  transmission  output  shaft  and 
those  gears  that  move  with  drive  shaft  while  transmission  is  in  neutral, 
the  drive  shaft  itself,   the  universal  joints,    and  the  differential  shafts  and 
gears  which  move  only  with  the  drive  shaft. 
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SHAKING  FREQUENCY~NATURAL  FREQUENCY 


SHAKING  FREQUENCY  1-1/2%  BELOW  NATURAL  FREQUENCY 


Figure  2.5-4    OSCILLOSCOPE  PATTERNS  OF  THE  FORCED  RESPONSE 
VERSUS  THE  SHAKING  TORQUE 
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The  computer  simulation  predicts  the  individual  wheel  brake  torque 
as  a  linear  function  of  the  specified  time  history  of  the  brake  hydraulic 
pressure  (minus  an  input  push-out  pressure).     The  proportionality  (brake 
torque  coefficient)  between  the  brake  torque  and  the  effective  hydraulic 
pressure  is  a  function  of  up  to  sixteen  constants  (   ($%    through    G>]u    ) 
describing  the  brake,    a  lining  fade  coefficient  and  the  brake  temperature. 
This  functional  form  of  the  brake  torque  coefficient  is  based  on  an  analysis 
presented  in  Reference     3.     The  motivation  for  using  this  functional  form 
for  the  brake  torque  coefficient  was  to  conveniently  accommodate  the  brake 
fade  characteristics  in  the  simulation  as  a  variation  of  the  torque  coefficient 
with  temperature. 

The  brake  torque  coefficients  and  push-out  pressures  for  the  test 
vehicle  brakes  were  measured  at  room  temperature.     The  variation  of  the 
brake  torque  coefficient  with  temperature  was  also  measured;  from  this 
information,    the  variation  of  lining  fade  coefficient  with  temperature  was 
derived.     With  the  exception  of      £7-3    ,     G>\i     »     <S/4     »     &15     and      &\b    , 
all  of  the  constants,      Gr^      ,    describing  the  brakes  are  either  direct  dimen- 
sional measurements  or  they  are  derived  from  these  measurements.     The 
constants    Gj        and     Q^    (which  are  not  measured)  are  the  "effective" 
shoe/drum  friction  coefficients  for  the  primary  and  secondary  shoes, 
respectively.     These  "effective"  friction  coefficients  are  chosen  so  as  to 
yield  the  measured  brake  torque  coefficient  at  room  temperature.     The 
constants       (=7,4    ,     &15     and     Q{io    describe  the  brake  capacity  to  absorb 
and  dissipate  heat.     The  values  used  in  the  computations  are  engineering 
estimates  based  on  information  in  Reference     4.     The  test  vehicle  is 
equipped  with  Bendix  Duo-Servo  brakes  on  the  front  and  rear  wheels. 

The  values  of  the  brake  parameters  used  in  the  simulation  of  these 
brakes  are  summarized  in  Table  2.5-4.     The  methods  and  equations  used 
for  determining  these  values  for  the  brake  parameters  from  the  measurements 
are  described  below. 
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Table  2.5-4 
BRAKE  PARAMETERS 


Parameter                                                                 Value 
Front  Brakes Rear  Brakes 

Brake  Torque  Coefficient  -  in*      ,      44.50  32.00 

psi 

Push-Out  Pressure  -  psi                      110.00  192.00 

7.62  7.62 

1.40  1.40 

0.480  0.476 

0.942  0.691 

3.  12  3.  12 

6.21  6.21 

6.43  6.43 

4.62  4.62 

1.00  1.00 


&, 

-  inches 

&z 

-  ND 

&3 

-  ND 

Gi 

-  square  inches 

G<, 

-  inches 

Qry 

-  inches 

<?* 

-  inches 

(y<\ 

-  inches 

Gio 

-  ND 

Cm 

-  inches 

Oiz 

-  ND 

Gt\ 

-  BTU/hr/ft2/°F 

&/5 

-  BTU/lb/°F 

Gli 

-  lbs 

ND  denotes  nondimensional 

9^25  9.25 

0.384  0.381 

0.02  0.02 

0.  125  0.  125 

5.00  5.00 


NOTE:      1.       The  missing  parameters  (G5  and  G13)  are  not  required 
for  description  of  the  Duo-Servo  brake. 

2.       Definitions  of  the  individual  parameters  are  given  in 
Appendix  I. 
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The  following  are  the  definitions  of  and  equations  for  the  brake  input 
parameters  used  in  the  simulation.     Figure  2.5-5  illustrates  the  required 
measurements  of  the  brake  assembly 

(j-j  measured 

Qz    —  Q,  actuation  constant  for  secondary 

shoe 

Q=  [^-+  cases']  /sm-As 

(the  subscript  "  5    "  indicates 
secondary  shoe) 

"effective"  friction  coefficient  of 
primary  shoe 

brake  actuator  cylinder  area  obtained 
from  measurement  of  diameter 

measured 

for  primary  shoe;  distance  from  wheel 
center  to  location  of  "effective"  drag 
force;  computed  as  follows 

(JXWA  RADIU6) (A)  5infif> (<Q5  (*,  ~  coS^)P 

(2)(<xz-<Xi)p  -tisirxl^  -$tn.Zo<z)p 

Note  all  quantities  are  for  primary  shoe 
and    (X-\      and      (yt    are  respectively  the 
heel  and  toe  angles  of  primary  shoe  lining 
as  shown  in  Figure  2.  5-5.       BL       is  defined 
as  follows  (    £,      =    p    or   $     for  primary  or 
secondary  shoe) 


G3-= 

sMp 

6* 

S* 

67 

^LF 

U  = 


A 
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6s'- 

Ls 

&9 

6io 

s„ 

6n  - 

*/** 

&u 

&i; 

G% 

same  as     G-j     except  for  secondary  shoe 

measured 

sin  fis 

measured 

"effective"  friction  coefficient  of  secondary- 
shoe 

coefficient  of  convection  heat  loss  - 
BTU/hr/ft2/F° 

specific  heat  of  brake  "effective"  mass  - 
BTU/lb/°F 

effective  thermal  mass  of  brake  assembly  - 
lbs 


Values  for  all  of  the  above  parameters  were  measured  or  derived 
from  the  measurements  except  the  "effective"  shoe  friction  coefficients. 
They  were  chosen  so  that  the  following  equation  for  the  Duo-Servo  brake 
yielded  the  measured  brake  torque  coefficient. 


(i)  r/ 


=    G* 


G-b  f-  Gn  'Sin  %    \    f  &e  &vt  £?z  (jf) 


Gi&q&ii  (LF) 


G9G1oL1-GzGizCLF)1J 


where     £        -  arctan    l&sCLF)] 

and  LF  =  fade  coefficient  of  the  brake. 
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This  was  accomplished  most  easily  by  using  Equation  (1)  to  compute 
the  variation  of  '/  p  as  a  function  of  Mp  for  several  values  of  the  ratio 
of     k      =     M6 '/ Up  .     The  resulting  curves  are  of  the  following  form. 


Thus,    for  the  measured  value  of  the  torque  coefficient,     /^     =     ' /f    ,    the 
required  value  of     kip    is  read  off  the  curve  for  an  assumed  ratio 

fc       =  r~s     U-p  .     Typically,   the  linings  for  Duo-Servo  brakes  are  high 

coefficient  on  the  primary  shoe  and  low  coefficient  for  the  secondary  shoe 
(Reference  3). 

The  objective  of  representing  the  brake  torque  coefficient  in  this 
manner  and  then  forcing  it  to  match  the  measured  value  is  to  realistically 
accommodate  the  effects  of  lining  fade  through  the  use  of  the  variation  of 
lining  fade  coefficient  with  brake  temperature.     The  brake  temperature  is 
computed  as  a  function  of  the  work  done  by  the  brake  and  the  thermal 
parameters  representing  it. 

The  variation  of  the  lining  fade  coefficient  with  brake  temperature 
cannot  be  measured  directly.     However,    the  variation  of  the  brake  output 
torque  with  temperature  at  a  constant  applied  hydraulic  pressure  can  be 
measured,    and  this  result  then  transformed  into  the  variation  of  fade 
coefficient  with  temperature.     In  doing  this,    it  is  assumed  that  the  variation 
of  fade  coefficient  with  temperature  is  independent  of  pressure,    and  the 
measured  variation  of  torque  is  used  for  a  constant  pressure  in  the  desired 
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operating  range.     The  transformation  of  the  measured  torque  variation  into 

the  lining  fade  coefficient  variation  is  accomplished  by  the  use  of  a  curve 

of  torque  coefficient  versus  lining  fade  coefficient  which  can  be  computed  by 

the  use  of  Equation  (1).     These  curves  for  the  test  vehicle  brakes  are 

presented  in  Figure  2.5-6.     For  each  temperature,   the  measured  torque 

is  divided  by  the  applied  pressure  (minus  the  effective  push-out  pressure) 

to  obtain  the  torque  coefficient,    and  this  value  is  used  to  read  the  corresponding 

lining  fade  coefficient  from  the  above  curve  (Figure  2.  5-6).     The  resulting 

variation  of  lining  fade  coefficient  with  temperature  is  presented  in  Figure 

2.5-7. 

The  measurement  of  the  brake  torque  as  a  function  of  the  applied 
hydraulic  pressure  was  made  at  a  very  low  wheel  angular  velocity  (approxi- 
mately one-quarter  of  a  revolution  per  second).     The  wheel  was  turned  at  a 
constant  rate  with  a  large  torque  wrench,   while  the  applied  pressure  (up  to 
600  psi)  was  held  constant.     These  measurements  were  made  for  each 
individual  wheel  and  are  presented  in  Figure  2.  5-8.     It  should  be  noted  that 
for  low  applied  hydraulic  pressures,    the  experimentally  obtained  variation 
of  brake  torque  with  pressure  is  nonlinear.     This  is  believed  to  be  due  to 
nonuniform  initial  contact  of  the  shoes  with  the  drums.     As  the  pressure  is 
increased,   the  shoe  contact  area  would  progressively  increase,    and  thus, 
the  resulting  self-actuation  would  vary  as  the  magnitude,    direction  and 
point  of  application  of  the  "effective"  shoe  friction  force  (Reference  3) 
varied  due  to  continual  readjustment  of  the  shoe/drum  friction  (shear) 
force  distribution.     A  possible  reason  for  the  high  degree  of  nonlinearity 
ascribed  to  this  effect  is  that  these  brakes  were  not  sufficiently  worn  in 
prior  to  the  tests  and  measurements. 

This  nonlinearity  is  approximated  in  the  simulation  by  using  an 
"effective"  push-out  pressure  of  sufficient  magnitude  to  shift  the  predicted 
linear  variation  of  brake  torque  with  pressure  such  that  is  closely  matched 
the  measured  variation  over  the  linear  range  as  indicated  in  Figure  2.5-8. 
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VARIATION  OF   LINING   FADE  COEFFICIENT  WITH 
TEMPERATURE   FOR  TEST  VEHICLE 
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—  EXPERIMENTAL  DATA 
ASSUMED  VARIATION 
USED  IN  SIMULATION 
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Figure  2.5-8    BRAKE  TORQUE  VS  HYDRAULIC  PRESSURE 
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The  error  introduced  into  the  predicted  braking  torque  at  the  low  pressures 
is  of  consequence  only  for  relatively  light  braking.     Thus,    this  approximation 
should  not  significantly  influence  the  correlation,    because  the  validation 
tests  were  conducted  close  to  incipient  wheel  lockup  (400-500  psi). 
Furthermore,   in  the  validation  tests,    the  brakes  were  applied  suddenly  so 
that  the  pressure  passed  rapidly  through  the  nonlinear  range  (rise  time 
approximately  200  milliseconds).     Thus,    it  would  be  expected  that  this 
nonlinearity  may  have  a  significant  influence  on  the  very  short-term 
transient  response  but  very  little  effect  on  the  relatively  long-term  event 
of  interest  herein. 

It  should  be  noted  that  there  is  a  characteristic  difference  of  this 
nonlinear  region  between  the  front  and  rear  wheel  brakes  which  results  in 
different  effective  push-out  pressures  for  the  front  and  rear  brakes.     This 
effect  and  its  influence  on  the  results  is  discussed  in  Section  2.  5-5. 

The  variation  of  wheel  braking  torque  with  temperature  was 
measured  experimentally  for  one  of  the  rear  wheels;  this  characteristic 
variation  with  temperature  was  assumed  to  hold  for  all  four  wheels.     These 
measurements  were  made  over  the  temperature  range  between  70°F  and 
300°F  and  at  constant  wheel  speeds  corresponding  to  about   15-20  MPH  for 
several  constant  brake  system  pressures.     The  procedure  used  to  make 
these  measurements  utilized  the  vehicle's  own  engine  and  drive  line,  ** 

required  no  special  equipment  and  capitalized  on  one  of  the  characteristics 
of  rear  axle  differentials  --  i.  e.  ,    for  constant  speed  operation  equal  torque 
is  supplied  to  each  wheel  axle  even  though  their  individual  angular  velocities 
may  differ.     With  both  rear  wheels  off  the  ground,    the  brake  drum  of  one 
rear  wheel  was  disconnected  from  its  axle  by  cutting  out  the  bolt  circle 
portion  of  the  brake  drum  which  connects  it  to  the  axle  (a  spare  drum  was 
used).     The  drum  was  left  installed  to  restrain  the  brake  shoes  on  this 
disabled  wheel,    and  its  axle  was  thus  free  to  turn  when  the  brakes  were 
applied.     This   "free"  axle  was  restrained  from  turning  by  a  lever  arm  and 
load  cell.     Thus,    with  the  transmission  in  gear,    the  engine  could  be  used 
to  drive  the  opposite  wheel  at  any  desired  constant  speed  with  the  desired 
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brake  system  pressure  applied.     Because  the  torque  supplied  to  both  axles 
is  equal,    the  braking  torque  supplied  to  the  driven  wheel  was  read  at  the 
restrained  axle.     With  one  axle  restrained,    the  "speed"  of  the  driven  wheel 
is  twice  the  speedometer  indication.     The  temperatures  of  the  primary  and 
secondary  brake  shoe  linings  were  measured  with  thermocouples.     The 
installation  of  the  thermocouples,   which  was  consistent  with  SAE  J843 
Recommended  Procedure  (Reference    5),    is  described  in  Section  2.  5.  1.2.  6 
of  this   report. 

The  test  procedure  was  to  first  nominally  set  the  brake  pressure 
with  the  wheel  nonrotating  and  then  apply  about  50  percent  of  the  expected 
torque  by  setting  the  throttle  and  putting  the  automatic  transmission  in  low 
gear  (low  gear  used  to  develop  high  torque  and  prevent  shifting).     Application 
of  the  torque  "winds  up"  the  brake  mechanism,    and  the  system  pressure  was 
then  readjusted  to  the  desired  value  as  the  torque  was  further  increased 
(via  the  throttle)  up  to  the  break-away  value.     When  the  wheel  began  rotating, 
the  speed  was  quickly  adjusted  to  the  desired  value  by  use  of  the  throttle 
because  the  temperature  of  the  brake  immediately  begins  to  increase. 

At  the  higher  brake  pressures,    the  higher  rate  of  energy  dissipation 
by  the  brake  caused  the  temperature  to  increase  very  rapidly  to  the  self- 
imposed  temperature  limit  of  300°F  (chosen  for  protection  of  the  brake 
lining  from  heat  damage).     Because  it  was  very  difficult  to  get  the  speed 
stabilized  before  reaching  the  temperature  limit  for  these  short  duration 
runs,    there  was  some  variation  of  the  wheel  speed  which  may  have  reduced 
the  accuracy  of  the  results  as  compared  with  those  obtained  for  the  lower 
temperature  range. 

For  each  brake  pressure  level,    the  data  were  plotted  as  brake 
output  torque  versus  brake  temperature  (of  the  primary  shoe)  as  shown  in 
Figure  2.  5-9.     Attempts  were  made  to  repeat  each  run,    but  it  was  difficult 
to  closely  match  the  desired  wheel  speed;  thus,    the  presented  results 
reflect  the  inability  to  precisely  repeat  the  test  conditions  as  well  as  the 
influence  of  wheel  speed.     Because  the  validation  tests  were  conducted  at 

123 


b 


LO 


w  111 

UJ  O 
CCX 

LU  UJ 


LU 


CO 


o 

CM      = 

M      CC 

I- 

LU  £ 

So- 
ld 

I- 
o 

00 


i 


sqi-H 


o 
o 

CM 


111 
UJ 

I 

cc 
< 

UJ 


UJ 

-i 

UJ 

cc 

D 

I- 

< 

CC 

LU 

Q. 

gUJ 

UjCC 

vTUJ 
^CC 
LU  Q. 

§§ 
§< 

hQ 

I-"" 

D 


=1 

<Z 

CCO 

coo 


o 

I 

CO 

=s 

GO 


anouoi 


124 


the  higher  brake  system  hydraulic  pressures,    the  lining  fade  variation  with 
temperature  is  based  on  the  results  obtained  at  400  psi.     This  fade  variation 
was  obtained  by  first  extrapolating  the  400  psi  torque  versus  temperature 
curve  up  to  1000°F  and  down  to  0°F  and  then  transforming  these  results  into 
the  variation  of  lining  fade  with  temperature  through  the  use  of  a  curve  of 
torque  versus  lining  fade  for  this  brake.     Although  the  temperature  range 
experienced  during  the  tests  (and  thus  required  for  computation)  is   170°F- 
230°F,    the  computer  program  requires  tabular  inputs  for  the  0°F-1000°F 
temperature  range,, 

2.5.1.2       Instrumentation 

Instrumentation  was  installed  on  the  vehicle 
to  measure  fourteen  channels  of  information  describing  the  vehicle  response 
during  braking  maneuvers.     A  Sangamo  Model  3500,    14-channel  tape  recorder 
was  carried  on  board  the  vehicle  to  obtain  continuous  analog  records  of 
the  data  on  magnetic  tape.     The  fourteen  vehicle  response  parameters  and 
the  transducers  used  to  measure  them  are  summarized  in  Table  2.5-5. 
Photographs  of  the  installed  instrumentation  and  recording  system  are 
presented  in  Figure  2.5-10. 

As  can  be  seen  in  the  photographs,    the  instrumentation,    signal 
conditioning  and  recording  system  are  mounted  in  the  rear  of  the  passenger 
compartment  and  the  trunk  compartment,    while  all  the  controls  for  the 
system  are  in  the  front  of  the  passenger  compartment.     The  tape  recorder, 
accelerometer  package,    gyro  attitude  package,    amplifier  package  and 
instrumentation  battery  package  are  all  mounted  on  a  single  platform 
attached  to  the  floor  of  the  rear  compartment.     The  terminal  boards, 
system  control  relays,    rear  wheel  potentiometers  and  brake  temperature 
monitoring  meter  are  all  mounted  in  the  rear  passenger  compartment  on 
the  rear  seatback  support  structure.     The  battery  power  for  the  tape 
recorder,    DC  to  AC  converter,    tire  air  supply  for  trajectory  markers  and 
fluid  reservoir  for  the  rear  bumper  trajectory  marker  are  all  mounted  in 
the  trunk  compartment. 
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Table  2.5-5 
SUMMARY  OF  INSTRUMENTATION  TRANSDUCERS 


Measured  Parameter 

1.  Sprung  Mass  Longitudinal 

Acceleration 


Sprung  Mass  Lateral 
Acceleration 


Pitch  Attitude 


4.  Roll  Attitude 


5.  Yaw  Attitude 


6.  Steer  Angle 


Front  Wheel  Suspension 
Deflection  (Left) 

Rear  Wheel  Suspension 
Deflection  (Left) 


9. 

10. 
11. 
12. 
13. 

14. 


Brake  System  Hydraulic 
Pressure 

Temperature-Brake  Lining 


Angular  Displacement  of 
Each  Wheel  About  Axle 


Transducer 

CEC  Type  4-202-001  Strain  Gauge 
Accelerometer;  ±5g's;  Response 
Flat  ±1  db  to   1000  cps 

CEC  Type  4-202-00  1  Strain  Gauge 
Accelerometer;  ±5g's;  Response 
Flat  ±1  db  to   1000  cps 

Humphrey  FG  23-3101-1  Free  Gyro; 
Pitch  on  Inner  Gimbal;  Roll  on  Outer 
Gimbal 

Humphrey  FG  23-3101-1  Free  Gyro; 
Pitch  on  Inner  Gimbal;  Roll  on  Outer 
Gimbal 

Humphrey  FG  23-3101-1  Free  Gyro; 
Yaw  on  Outer  Gimbal 

Pacific  Scientific  4101119-0  Linear 
Potentiometer;   10"  Stroke;  3000  Ohms 

Pacific  Scientific  4101119-0  Linear 
Potentiometer;   10"  Stroke;  3000  Ohms 

Pacific  Scientific  4101119-0  Linear 
Potentiometer;   10"  Stroke;  3000  Ohms 

CEC  Type  4-326  Pressure  Transducer; 
2500  psi  Range 

Chromel-Alumel   Thermocouple 


Helipot  Model  6651;  1000  Ohms, 
2.5  Watts;  Single  Turn,    Continuous 
Rotation,    Conductive  Plastic 
Potentiometer 


Note:      (1)    Nexus  USL- 1  operational  amplifiers  used  in  each  channel. 
(2)    All  channels  recorded  on  Sangamo  Model  3500,    14-channel 
tape  recorder. 
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(a)      OVERALL  VIEW  -FRONT  AND  REAR  PASSENGER  COMPARTMENTS 


(b)      EQUIPMENT  IN  FRONT  COMPARTMENT 


(c)       EQUIPMENT  ON  FLOOR  -  REAR  COMPARTMENT 
Figure  2.  5-10    VEHICLE  INSTRUMENTATION  SYSTEM 
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CONTROL  RELAYS 

(d)      EQUIPMENT  ON  SEAT  BACK  -  REAR  COMPARTMENT 


(e)       EQUIPMENT  IN  TRUNK  COMPARTMENT 


(f)       INSTRUMENTATION  COUPLING  TO  WHEELS 

Figure  2.5-10     VEHICLE  INSTRUMENTATION  SYSTEM   (Cont.) 
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The  instrumentation  system  and  installation  was  designed  to  facilitate 
the  gathering  and  reduction  of  the  data.     The  recording  of  "zeros"  and 
"DLR-Calibration"  of  all  channels  prior  to  each  run  (as  required  by  the 
automated  data  reduction  and  plotting  systems)  was  made  possible  by  a 
single  switch  operating  a  series  of  relays.     A  time  zero  signal  was  generated 
for  the  computerized  data  reduction  system  by  using  the  brake  light  switch  to 
remove  a  DC  bias  signal  from  the  left  rear  wheel  suspension  deflection 
signal.     The  brake  light  switch  closes  aj;  about  20-50  psi  which  is  (for 
practical  purposes)  the  initiation  of  the  brake  pressure  rise. 

Sprung  Mass  Accelerations 

Linear  accelerations  of  the  vehicle  along 
the    X    and  the    Y    vehicle-fixed  axes  were  measured  by  an  accelerometer 
package  mounted  at  the  approximate  location  of  the  sprung  mass  e.g. 
Actually,    the  package  was  about  2.5  inches  below  sprung  mass  e.g.    and  in 
the  simulation,    the  sprung  mass  acceleration  at  this  location  was  computed. 

Sprung  Mass  Attitude  Measurement 

A  pair  of  two-degree-of-f reedom,   free 
gyroscopes  were  used  to  measure  the  yaw,   pitch  and  roll  angular 
displacements  of  the  vehicle  axes  with  respect  to  a  space-fixed  reference 
axis  system.     Both  gyros,    together  with  a  printed  circuit  board  with  solid 
state  operational  amplifiers  and  other  miniaturized  components  for  signal 
conditioning,    are  contained  in  a  compact  package  and  are  capable  of  operating 
under  an  impact  environment  of  40  g's.     Special  attention  was  given  to  their 
orientation  so  as  to  minimize  "contamination"  of  the  signals  due  to  cross- 
coupling  effects  of  combined  motions.     One  gyro  is  used  in  a  vertical  mode 
(spin  axis  parallel  to  vehicle  vertical  or  Z  axis)  with  the  inner  gimbal  (axis 
athwartwise)  measuring  pitching  and  the  outer  gimbal  measuring  roll  motions. 
The  other  gyro  has  its  spin  axis  aligned  parallel  to  the  longitudinal  axis  of 
the  vehicle  and  is  used  to  measure  heading,   i.  e.  ,    yaw,    on  the  outer  gimbal. 
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With  the  gyros  so  oriented,    the  gimbal  pickoff  signals  are  direct  measure- 
ments of  the  Euler  angular  coordinates  of  the  sprung  mass  relative  to  the 
space-fixed  axis  system  as  defined  in  the  computer  simulation  program, 
except  for  yaw.     The  "contamination"  of  the  yaw  signals  is  minor  because 
of  the  small  magnitudes  of  the  pitching  and  rolling  motions  experienced  in 
the  tests,   but  corrections  are  easily  made  in  the  process  of  reducing  the 
test  data. 

Front  Wheel  Steer  Angle 

Steer  angles  of  the  front  wheels  were 
measured  by  recording  signals  from  a  linear-stroke  potentiometer  attached 
to  the  hydraulic  actuator  of  the  vehicle  power  steering  system  and  calibrating 
the  output  signal  in  terms  of  wheel  steer  angle. 

Suspension  Deflections 

Jounce  and  rebound  deflections  of  the  left 
front  and  rear  wheels  from  the  static  ride  positions  were  measured  by 
linear-stroke  potentiometers  attached  between  the  sprung  mass  and  a  point 
on  the  respective  suspension  systems. 

Brake  System  Hydraulic  Pressure 

The  hydraulic  pressure  in  the  brake 
system  was  measured  by  a  pressure  transducer  installed  on  the  master 
cylinder  in  parallel  with  the  brake  light  switch. 
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Temperature  of  the  Brake  Lining 

Thermocouples  were  chosen  for  this 
temperature  measurement  because  of  their  fundamental  linearity  and 
simplicity  of  application.     The  installation  of  the  thermocouples  followed 
the  SAE  J843  Recommended  Procedure.     For  each  thermocouple,    a  small 
clearance  hole  (just  sufficient  to  accept  the  active  junction)  was  drilled 
radially  through  the  brake  shoe  and  the  brake  lining  to  the  braking  surface 
of  the  lining  material.     The  thermocouples  were  installed  in  these  holes  such 
that  the  end  of  the  active  junction  was  within  1/64  inch  of  the  braking  surface. 
Each  thermocouple  was  secured  in  place  (i.e.,   potted  in  the  small  clearance 
hole)  by  the  use  of  epoxy  cement.     To  avoid  the  possibility  of  a  local  "hot 
spot"  due  to  the  presence  of  the  epoxy,   a  small  flat  about  1/8  to  1/4  inch  in 
diameter  was  formed  on  the  surface  at  the  location  of  each  thermocouple 
by  grinding  off  a  few  thousandths  of  the  material.     A  small  container  with 
a  mixture  of  crushed  ice  and  water  is  used  to  provide  a  constant  known 
reference  temperature.     The  thermocouples  were  calibrated  in  a  heated  oil 
bath  over  the  expected  temperature  range. 

Thermocouples  were  installed  in  the  above  manner  in  the  primary 
shoe  of  the  left  front  wheel  and  in  both  the  primary  and  secondary  shoes  of 
the  left  rear  wheel.     Only  the  temperature  of  the  primary  shoe  of  the  left 
front  wheel  was  recorded  during  the  tests  because  of  the  limited  recording 
capacity.     However,    all  three  could  be  visually  monitored  directly  on  a 
meter  installed  in  the  vehicle.     During  these  tests,    the  temperature  differ- 
ence between  the  instrumented  shoes  was  always  less  than  50°F.     The 
temperature  of  the  two  instrumented  shoes  on  the  left  rear  wheel  were 
monitored  and  recorded  during  the  measurement  of  the  variation  of  brake 
torque  with  temperature. 
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Wheel  Angular  Velocity 

The  angular  rotation  of  each  wheel  is  used 
to  drive  (via  a  flexible  cable)  a  precision  rotary  potentiometer.     With  a 
constant  voltage  across  the  potentiometer,   the  output  signal  at  the  wiper  arm 
is  proportional  to  wheel  angular  position,    and  the  rate  of  change  of  the  signal 
is  proportional  to  the  wheel  angular  velocity. 

The  system  is  mechanically  quite  simple.     The  potentiometers  are 
mounted  inside  the  vehicle  and  driven  by  a  flexible  speedometer  cable  to     . 
each  wheel  (see  photographs  of  Figure  2.5-10).     Each  cable  is  attached  to  a 
wheel  via  a  right-angle  cable  drive  assembly  which  has  been  adapted  to  the 
wheel  hub  cap.     This  allows  the  cable  housing  to  accommodate  the  wheel 
rotation,    steer  and  suspension  deflections  while  the  cable  itself  transmits 
the  wheel  rotary  motion  to  the  potentiometer. 

Trajectory  Marking  System 

A  trajectory  marking  system  was  installed 
on  the  instrumented  vehicle.     It  consists  of  pneumatically  powered  "squirts" 
attached  to  the  mid-point  of  each  bumper  which  are  controlled  by  solenoid 
valves;  for  these  tests,    the  system  was  actuated  by  a  signal  from  a  switch 
on  the  brake  pedal.     A  different  colored  water  paint  is  used  in  each  to 
differentiate  the  front  from  rear.     The  air  pressure  to  drive  the  fluid  was 
supplied  by  a  spare  tire.     In  operation,    each  unit  squirts  a  fine  stream  of 
colored  paint  onto  the  pavement  and  thereby  trace  out  the  trajectory  of  the 
mid-point  of  each  bumper.     This  system  also  has  the  potential  of  not  only 
recording  the  trajectory  but  also  the  time  history  of  it  by  simply  pulsing 
the  solenoid  valves  at  a  known  rate. 
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2.502         Data  Acquisition  and  Reduction 

The  total  data  acquisition  system  includes  the  vehicle 
instrumentation,    the  on-board  analog  tape  recorder,    an  analog-to-digital 
conversion  system,    a  computerized  data  reduction  program  and  a  data 
plotting  system.     The  instrumentation  segment  of  the  system  is  described 
in  Section  2.5.  1.2.     The  analog  signals  proportional  to  the  time  variation  of 
the  individual  measured  physical  parameters  were  recorded  on  a  Sangamo 
Model  3500  tape  recorder.     As  required  by  the  data  reduction  program, 
the  sequence  of  data  records  composing  a  run  file  consists  of  a  calibration 
zeros  record,    a  "dummy  load  resistance"  (DLR)  calibration  record,    a 
data  zeros  record  and  last,    an  event  data  record.     All  the  data  was  recorded 
at  a  tape  speed  of  30  inches  per  second.     Recording  of  the  event  data  was 
commenced  a  sufficient  time  piror  to  the  beginning  of  the  event  to  allow  the 
recorder  to  get  up  to  speed  and  to  record  enough  pre-event  data  to  establish 
the  initial  values  of  the  event  parameters.     A  time  zero  marker  is  super- 
imposed on  the  recorded  data  by  a  pressure  switch  in  the  hydraulic  brake 
system  which  closes  at  approximately  50  psi. 

The  digitizing  of  the  analog  data  was  performed  on  the  Calspan 
developed  COREC  hardware/software  system  which  is  a  general  purpose  data 
collection  facility.     This  A/D  conversion  was  performed  at  a  scanning  rate 
of  300  samples  per  second  and  results  in  a  digital  tape  of  the  data.     However, 
the  data  records  on  this  digital  tape  exceed  the  maximum  allowable  record 
length  for  data  input  to  the  Calspan  IBM-360  Mod.    65  Computer  Facility,, 
Thus,    an  intermediate  operation  was  required  to  subdivide  these  long  records 
into  records  of  acceptable  length.     This  operation  also  reordered  the  data 
into  continuous  data  streams  for  each  data  channel.     This  reordering  was 
necessary,   because  the  scanning  process  of  the  A/D  conversion  is  across 
channels  and  results  in  a  sequential  interleafing  of  the  data,    once  per  scan. 
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The  data  reduction  program  computes  the  calibration  factors  for 
each  channel  from  the  information  on  the  calibration  zeros  record  and 
DLR-Calibration  record.     These  calibration  factors  are  applied  to  "raw" 
digitized  data  to  obtain  the  reduced  data  which  can  then  be  numerically- 
filtered  (use  of  the  filter  optional  for  each  channel).     The  reduction  program 
employs  a  Martin-Graham  digital  filter  (Reference  12).     The  filter 

characteristics  of  principle  interest  are:    (1)  flat  response  out  to  cutoff 

2 
frequency,  COco     »   possible  to  within  one  percent,    (2)  a  (cos)     form  for  the 

rolloff  characteristic  beyond     OOco       »    (3)  filter  introduces  no  phase  shift. 

The  acceleration  and  brake  temperature  data  were  filtered  with    OOco     ~ 

15  cps,    and  the  wheel  angular  velocity  data  was  filtered  with       COco    ~  ^  cps. 

The  data  reduction  program  derives  the  wheel  angular  velocities 
from  the  slope  of  the  measured  wheel  angular  displacement  time  histories. 
This  process  utilizes  the  digital  filter  to  minimize  the  influence  on  the 
derivative  of  noise  in  the  displacement  data. 

The  final  reduced  data  from  each  channel  is  computer  plotted  as  a 
time  history  beginning  at  0.  5  seconds  prior  to  the  initiation  of  the  maneuver 
as  defined  by  the  time  zero  marker. 

2.5.3        Test  Procedure 

Validation  data  for  straight  ahead  braking  maneuvers 
were  obtained  using  moderately  heavy  braking,   which  was  just  short  of  wheel 
lockup. 

In  preparation  for  a  series  of  tests,    a  mixture  of  crushed  ice  and 
water  was  put  in  the  thermocouple  reference  temperature  container,    and 
the  reservoir  for  the  trajectory  markers  was  filled  with  the  marking  fluid. 
The  marking  fluid,   which  was  a  diluted  solution  of  poster  paint  in  water, 
had  to  be  drained  from  the  system  after  the  testing  each  day  to  prevent 
the  solenoid  valves  from  sticking.     The  gas  tank  was  kept  full  so  as  to 
maintain  the  vehicle  mass  and  moments  of  inertia  at  constant  known  values. 
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Before  a  data  run,    the  brake  pressure  level  was  set  to  the  desired 
test  value  by  adjusting  a  variable  stop  on  the  brake  pedal  and  monitoring 
the  resulting  pressure  level  during  several  trial  braking  stops  with  the 
brake  temperature  in  the  desired  test  range.     Next,    a  calibration  zeros 
record  and  a  DLR-Calibration  record  were  taken.     Just  prior  to  the  run, 
the  brake  temperature,    as  monitored  on  the  primary  shoe  of  the  left  front 
wheel,   was  brought  to  an  equilibrium  temperature  of  180°F.     If  the 
temperature  was  below   180°F,   it  was  increased  by  mild  braking;  if  greater 
than  180°F,    it  was  lowered  by  driving  the  vehicle  around  the  test  area. 
The  high  initial  test  temperature  of  180°F  was  chosen  as  a  convenience  to 
facilitate  the  testing;  that  is,    a  larger  brake  temperature  differential 
relative  to  the  outside  ambient  temperature  increases  the  heat  dissipation 
rate  and  thus  the  brakes  cool  down  to  the  test  temperature  faster  --  this 
shortens  the  run  turnaround  time. 

A  data  run  for  the  straight  ahead  stops  was  initiated  by  accelerating 
the  vehicle  to  a  steady-state  velocity  about  2-3  MPH  greater  than  the 
desired  maneuver  initial  speed.     The  attitude  gyros  were  then  uncaged,    and 
the  transmission  shifted  into  neutral  when  about  50  ft.   from  the  test  area  on 
the  skid  pad.     During  the  acceleration  period  and  prior  to  uncaging  the 
gyros,   the  tape  recorder  was  turned  on.     When  the  vehicle  speed  had 
decreased  to  the  desired  initial  maneuver  speed,   the  driver  depressed  the 
brake  pedal  to  its  stop  as  fast  as  possible  and  firmly  held  it  there  until  the 
vehicle  came  to  a  stop.     The  initial  motion  of  the  brake  pedal  turned  on 
the  trajectory  marking  squirt  system,    and  operated  a  switch  for  time  zero 
indication  when  the  hydraulic  pressure  reached  a  value  of  40-50  psi.     After 
the  car  stopped,    the  trajectory  markers  were  manually  turned  off  and 
the  stopping  distance  indicated  by  the  squirt  trace  on  the  ground  was 
measured  with  a  steel  tape. 

In  order  to  assess  the  repeatability  of  the  physical  system  being 
tested,    repeat  runs  were  made.     This  requires  that  it  be  possible  to  repeat 
the  control  inputs  and  the  initial  conditions  for  the  system  which  include 
the  vehicle  initial  velocity,    initial  brake  temperature,    the  time  history  of 
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the  brake  pressure,    the  time  history  of  the  steering,    and  the  time  interval 
between  the  initiation  of  the  braking  and  steering  inputs.     If  the  initial 
conditions  and  inputs  were  absolutely  identical  for  several  repeat  runs, 
then  any  differences  in  the  resulting  responses  could  be  ascribed  to  the  lack 
of  perfect  repeatability  in  the  physical  system  and  would  be  a  measure  of  it. 
However,   in  reality,   it  is  not  possible  to  exactly  repeat  the  initial  conditions 
and  inputs,    so  that  the  differences  between  the  resulting  responses  are  the 
result  of  both  the  lack  of  repeatability  and  the  variation  in  the  inputs  and 
initial  conditions. 

To  allow  the  magnitude  of  the  brake  pressure  to  be  easily  set  and 
repeated,    an  adjustable  stop  was  installed  on  the  brake  pedal.     This  resulted 
in  repeatable  pressure  levels  when  the  brake  system  was  allowed  several 
minutes  to  return  to  an  equilibrium  condition  prior  to  reactuation  of  the 
system.     For  the  validation  tests  of  this  effort,    the  driver  applied  the  brakes 
as  rapidly  as  possible  by  depressing  the  pedal  to  its  stop  with  his  foot  and 
j       holding  it  there;  this  resulted  in  repeatable  time  histories  of  the  pressures. 

2.5.4        Comparison  of  Predicted  and 
Experimental  Results 

The  HVOSM  inputs  used  in  the  comparisons  are 
shown  in  Figure  2.5-11  and  the  time  histories  of  responses  measured  in  the 
repeated  straight  ahead  braking  maneuver  are  presented  in  the  graphs  of 
Figure  2.5-12.     The  time  zero  pulse  (40-50  psi  of  brake  pressure)  was  used 
to  register  the  time  histories  of  the  three  repeat  runs.     It  is  observed  that 
the  input  brake  pressures,    the  vehicle  initial  velocity  as  depicted  by  the 
initial  wheel  angular  velocity,    and  the  vehicle  responses  repeat  very  well. 

A  repeatable  variation  of  the  brake  pressure  over  the  duration  of  the 
event  may  be  noted  in  Figure  2.  5-  12  (a).     The  pressure  increases  rapidly 
to  a  relative  peak  value  when  the  brakes  are  applied  and  then  gradually 
diminishes  throughout  the  event  until  the  vehicle  has  stopped;  whereupon, 
it  increases  to,    and  briefly  oscillates  about,    a  value  somewhat  greater 
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Figure  2.  5-  12(a)     EXPERIMENTAL  TIME  HISTORIES  OF  VEHICLE  RESPONSES  TO 

STRAIGHTAHEAD  BRAKING  MANEUVER 
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Figure  2.5-12(b) 


145 


Figure  2. 5-  12(c) 
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Figure  2.5-12(d) 
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O  RUN  NO.  35 
A  RUN  NO.  36 
+  RUN  NO.  37  - 


Figure  2. 5-12(e) 


148 


than  the  initial  peak  value.     It  is  believed  that  the  major  part  of  this  variation 
is  the  result  of  what  is  referred  to  as  mechanical  wrap-up  of  the  brake 
system  in  conjunction  with  the  self-actuation  of  the  duo- servo  brake  and 
elastic  deformation  of  the  brake  drums.     The  similarity  in  character  of  the 
brake  pressure  and  the  longitudinal  acceleration  time  histories  suggests 
another  possible  factor  oontributing  to  the  phenomenon.     The  variation  of 
the  brake  pressure  could  result  from  the  variation  of  the  longitudinal 
acceleration  causing  a  similar  variation  in  the  pedal  force  applied  by  the 
driver.     Because  the  adjustable  pedal  stop  assembly  is  mounted  on  the 
vehicle  floor,   it  is  possible  for  the  stop,    and  thus  the  brake  pedal,    to  move 
slightly  relative  to  the  master  cylinder  due  to  an  elastic  deformation  of  the 
floor  under  the  varying  pedal  force. 

In  one  of  the  straight  ahead  stops,    the  applied  brake  pressure  was 
slightly  low  (relative  to  the  other  runs)  during  the  early  part  of  the  event. 
This  increased  the  duration  of  the  event  for  this  test  as  is  observed  from  a 
comparison  of  the  trailing  edge  of  the  longitudinal  acceleration  time  histories, 
For  this  run,   the  event  duration  is  greater  than  that  of  one  run  by  0.  1 
second  and  of  the  other  by  0.05  second. 

From  the  plots  of  rear  wheel  angular  velocity  shown  in  Figure 
2.  5-12  (c),   it  may  be  seen  that  the  right  rear  wheel  locked  up  for  about 
1.4  seconds  in  one  of  the  tests  and  nearly  locked  up  in  another  at  "C-     = 
0.5  seconds.     Note  from  the  plots  of  Figure  205-8  that  the  measured  brake 
torque  coefficient  for  this  wheel  was  slightly  greater  than  that  for  the 
other  rear  wheel.     This  could  account  for  the  difference  in  the  behavior  of 
the  two  rear  wheels  for  the  conditions  of  the  tests  in  which  the  right  rear 
wheel  operated  at  incipient  lockup,   whereas,    the  left  rear  wheel  braking 
effort  was  slightly  below  this  condition. 
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At  the  beginning  of  the  wheel  angular  velocity  time  histories  (  "6     = 
-0.  5  second)  a  variation  of  the  velocity  may  be  noted,   whereas,   in  fact, 
these  velocities  were  constant  at  the  initial  value,     SZ0      .     This  indicated 
variation  prior  to     ~t      =  0  is  erroneous  and  resulted  from  the  way  the 
derivative  of  the  function  (in  this  case  angular  displacement  time  history) 
was  evaluated  in  the  computer  data  reduction  process.     However,    the 
angular  velocities  at    it    =  0  seconds  are  correct.     The  values  evaluated  by 
the  computer  data  reduction  process  at  time  zero  were  checked  by  hand 
calculations  using  two  different  methods  of  operating  on  the  raw  data. 

A  difference  of  0.8  degrees  of  vehicle  roll  attitude  may  be  observed 
for  one  run  relative  to  the  others.     This  is  the  result  of  a  slight  deviation 
of  the  vehicle  roll  attitude  at  the  time  the  gyros  were  uncaged. 


> 


Table  2.  5-6  presents  the  stopping  distances  measured  for  the  straight 
ahead  stops.     The  trajectory  marker  of  the  rear  bumper  was  used  to  deter- 
mine the  stopping  distances.     The  measured  distances  are  the  length  of  the 
trajectory  as  marked  on  the  pavement,   plus  a  lag  distance  described 
below. 


Table  2.5-6 

MEASURED  STOPPING  DISTANCES 

STRAIGHT-AHEAD  BRAKING  MANEUVER 


RUN  NO. 

'stopping  DISTANCE    INCHES 

35 
36 
37 

976 

1002 

996 

'INCLUDING  LAG  DISTANCE  =  66  INCHES 
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It  is  estimated  that  there  is  about  0.09  second  lag  between  the  time 
the  brake  pressure  reaches  40-50  psi  (the  time  zero  mark)  and  the  time 
the  marking  fluid  reaches  the  ground.     The  sequence  of  events  is  illustrated 
in  the  sketch  of  Figure  2.5-13.     The  marker  switch  closes  when  the  pedal 
motion  begins  and  time  zero  is  recorded  when  the  pressure  reaches  40-50 
psi.     The  solenoid  valve  controlling  the  marker  fluid  is  mounted  on  the 
bumper,    and  the  end  of  the  fluid  nozzle  is  about  two  inches  off  the  ground. 
The  lag  is  the  result  of  the  time  it  takes  for  the  valve  to  open,    and  the  fluid 
to  reach  the  ground.     The  estimated  distance  the  vehicle  travels  during  this 
lag  interval,    based  on  the  vehicle  initial  velocity,   is  added  to  the  measured 
stopping  distance. 


BRAKE 
PRESSURE 


*  0.1  SECOND  LAG 


TIME 


Figure  2.5-13    SEQUENCE  OF  EVENT  RELATIVE  TO  TRAJECTORY  MARKING 
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The  computed  vehicle  responses  are  presented  in  Figure  2,5-14 
where  they  are  superimposed  on  the  corresponding  measured  results  as 
presented  in  Figure  2.5-12.     It  should  be  noted  that  the  variation  of  the  brake 
lining  fade  was  suppressed  for  these  predictions  because  of  the  uncertainty 
of  the  relevant  inputs  as  discussed  in  Section  2.  5-5.     However,   the  influence 
of  lining  fade  variation  on  the  results  is  examined  and  presented  in  Section 
2.5.5.     The  constant  value  of  lining  fade  coefficient  which  was  used  in  the 
simulation  corresponds  to  the  170°F  measured  temperature  of  the  brakes 
at  the  beginning  of  each  test  run. 

In  the  computed  results,   it  should  be  noted  that  there  are  some 
spurious  responses  (especially  in  the  accelerations)  at  the  very  end  of  the 
event  which  occur  as  the  vehicle  speed  approaches  zero.     This  is  the  result 
of  a  numerical  instability  which  occurs  only  at  a  very  low  vehicle  velocity. 
It  is  of  no  practical  consequence  and  should  be  ignored. 

The  computed  stopping  distance  is  991  inches  as  compared  to  the 
three  measured  values  of  976,    1002  and  996  inches.     The  correlation  of  the 
predicted  results  with  the  measured  results  is  seen  to  be  very  good, 
especially  with  regard  to  some  of  the  detailed  characteristics  of  the  time 
histories  of  the  individual  wheel  angular  velocities.     In  particular  for  the 
front  wheels,   it  is  observed  that  over  the  time  interval  0  —    ~t    ^    0.2, 
there  is,   in  both  the  experimental  and  predicted  results,    an  initial  very 
rapid  decrease  of  the  angular  velocity.     This  corresponds  to  the  time 
interval  when  the  braking  torque  is  increasing  very  rapidly  to  its  peak 
value  and  thus  exceeds  (by  a  relatively  large  amount)  the  instantaneous 
torque  generated  by  the  circumferential  force  of  the  tire/ground  interface, 
because  the  wheel  has  not  yet  developed  sufficient  circumferential  slip. 
This  large  excess  of  the  braking  torque  over  the  tire-developed  torque 
decelerates  the  wheel  rapidly.     During  the  interval  immediately  following, 
i.e.,   0.2   =•  •£  4L   0.5,    the  rate  of  change  of  the  angular  velocity  of  the 
front  wheel  is  observed  to  be  relatively  low  in  both  the  measured  and 
computed  results.     During  this  interval,    the  brake  torque  is  decreasing 
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Figure  2 .  5=14     COMPARISON  OF  MEASURED  AND  COMPUTED  VEHICLE  RESPONSES  - 
STRAIGHT  AHEAD  BRAKING  MANEUVER 
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slightly,   while  at  the  same  time  the  torque  generated  by  the  tire/ground 
interface  is  increasing  due  to  the  increasing  vertical  load  on  the  tire  which 
results  from  the  longitudinal  weight  transfer.     Thus,    during  this  interval, 
the  net  decelerating  torque  and  the  corresponding  wheel  deceleration  are 
reduced.     The  time  correlation  of  the  longitudinal  weight  transfer  with  this 
interval  is  observed  in  the  time  histories  of  the  vehicle  pitch  attitude  and 
front  wheel  suspension  deflection. 

Similar  detailed  characteristics  are  observed  in  both  the  measured 
and  predicted  time  histories  of  the  rear  wheel  angular  velocities.     However, 
in  the  time  interval  0.2    —    £   —  0.5,  longitudinal  weight  transfer  has  the 
opposite  effect  on  the  rear  wheel  deceleration;  that  is,   it  tends  to  increase 
the  wheel  deceleration  during  this  interval.     This  is  the  result  of  the  weight 
transfer  reducing  the  vertical  load  on  the  rear  wheels  and  thus  reducing  the 
tire-developed  torque.     In  the  experiments,    the  right  rear  wheel  was  oper- 
ating at  incipient  lockup,   as  is  described  above;  this  effect  of  the 
transient  weight  transfer  was  evidently  a  contributing  factor  in  precipitating 
lockup  of  this  wheel  during  one  of  the  test  runs. 

The  correlation  of  the  measured  and  computed  longitudinal 
acceleration  is  very  good;  however,    the  computed  acceleration  does  decrease 
slightly  throughout  the  event  (i.  e.  ,   it  follows  a  similar  trend  in  the  applied 
brake  pressure)  whereas  the  measured  acceleration  tends  to  remain  more 
constant.     The  specific  source  of  this  minor  discrepancy  is  not  known; 
however,    the  following  brief  discussion  indicates  some  possibilities.     The 
vehicle  decelerating  force  and  resulting  deceleration  are  the  direct  result 
of  the  forces  generated  at  the  tire/ground  interface,    and  these  are  propor- 
tional to  the  brake  torque  which  is,   in  turn,   proportional  to  the  applied 
brake  system  hydraulic  pressure.     Thus,   in  the  sequence  of  events  between 
the  applied  brake  pressure  and  the  resulting  tire  generated  forces,   it  is 
quite  possible  that  there  exist  physical  phenomena  which  are  not  included  in 
the  simulation  but  which  have  a  small  effect  on  the  resulting  tire  force 
variation.     For  example,    the  brake  lining /drum  friction  coefficient  may 
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increase  with  a  decrease  in  their  relative  velocity,    and  the  tire  "deflected" 
radius  may  decrease  with  decreasing  vehicle  speed;  these  effects  would 
increase  the  tire-generated  forces  throughout  the  event  and  thus  would  tend 
to  make  the  vehicle  deceleration  constant  by  compensating  for  the  decreasing 
pressure.     Note  that  a  variation  of  tire/ground  friction  coefficient  with  speed 
will  not  influence  these  results;  this  is  discussed  in  Section  2.  5.  5. 

Including  the  variation  of  lining  fade  coefficient  with  brake  tempera- 
ture in  the  simulation  causes  an  additional  decrease  of  vehicle  deceleration 
throughout  the  event.     This  results  from  the  brake  temperature  at  time 
zero  being  greater  than  that  corresponding  to  the  peak  value  of  lining  fade 
coefficient,    thus  the  lining  fade  coefficient  and  torque  decrease  throughout 
the  event  as  the  temperature  increases. 

While,   in  general,   the  correlation  between  the  predicted  and  mea- 
sured responses  is  very  good,    the  correlation  obtained  for  the  sprung  mass 
response  relative  to  the  unsprung  masses  is  the  least  satisfactory  as  may 
be  observed  in  the  pitch  attitude  and  wheel  deflection  time  histories.     The 
source  of  the  observed  differences  is  attributed  primarily  to  the  assumed 
input  values  used  to  describe  the  shock  absorber  and  suspension 
characteristics.     Because  the  sprung  mass  responses  were  not  the  primary 
objective  of  this  investigation,    effort  was  not  expended  to  measure  these 
characteristics.     Instead,   they  were  assumed  to  be  the  same  as  used  in  the 
previous  investigation  (Reference     6)»    because  the  vehicles'  are  identical 
except  for  the  shock  absorbers.     The  shock  absorbers  on  the  previous  test 
vehicle  were  new,    and  their  characteristics  were  measured;  whereas, 
those  on  this  test  vehicle,  while  working  satisfactorily,   were  not  new  and 
their  characteristics  were  surely  somewhat  different.     It  is  also  quite 
possible  that  there  were  some  other  small  differences  in  the  suspension 
characteristics  of  the  two  vehicles. 
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2.5.5         Vehicle  Response  Sensitivity 

The  validity  of  the  predicted  results  of  any  simulation 
not  only  depends  on  the  adequacy  of  the  simulation  itself  but  obviously  also 
depends  on  the  inputs  used  and  the  sensitivity  of  the  computed  results  to 
these  inputs.     Furthermore,   it  is  not  always  possible  to  define  all  of  the 
values  for  the  input  parameters  accurately.     Thus,   it  is  of  interest  to  at 
least  qualitatively  assess  the  sensitivity  of  the  computed  results  to  some 
of  these  inputs  whose  values  are  not  accurately  known.     This  was  done  for 
several  of  these  inputs  by  changing  them  individually  and  rerunning  the 
computation;  the  results  are  presented  and  discussed  below. 

2.5.5.1       Variation  of  Lining  Fade  Coefficient 

The  brake  temperature  was  measured  by 
use  of  thermocouples  installed  in  the  brake  as  described  in  Section  2.5.  1.2, 
and  the  initial  equilibrium  temperature  of  nominally  180 °F  was  obtained  as 
described  in  Section  2.5.3.     It  should  be  noted  that  these  measured  brake 
"lining  temperatures"  are  not  the  desired  surface  temperature  of  the 
lining/drum  interface  which  determines  the  brake  fade  characteristics. 
Because  of  the  heat  transfer  properties  and  thermally  effective  mass  of 
the  brake  drum  and  shoes,    the  measured  brake  "lining  temperature" 
variations  will  be  attenuated  relative  to  the  surface  temperature  and  lag  it 
in  time. 

It  was  intended  that  the  same  temperature  measurement  during  the 
validation  tests  as  was  used  for  the  determination  of  the  brake  fade  character- 
istics would  allow  the  use  of  these  fade  characteristics  in  the  simulation  as 
an  approximation.     However,    the  accuracy  of  this  approximation  is  critically 
dependent  on  the  proper  choice  of  the  "effective"  thermal  properties  of  the 
brake  assemblies  for  use  in  the  simulation.     They  must  be  chosen  so  as  to 
reproduce  the  brake  "lining  temperature"  and  not  the  surface  temperature. 
The  lack  of  an  independent  explicit  procedure  for  chosing  these  "effective" 
thermal  properties  degrades  the  quantitative  value  of  the  predicted  influence 
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of  the  brake  fade  characteristics.     However,    the  simulation  of  the  phenom- 
enon is  correct,    and  the  results  which  include  lining  fade  are  qualitatively- 
believed  to  be  correct. 

The  variation  of  lining  fade  coefficient  with  brake  temperature  is 
presented  in  Figure  2.5-15.     This  variation  was  derived  from  the  measure- 
ments described  in  Section  2,5.  1.  1.     Two  computer  runs  of  straight  ahead 
stops  were  made.     In  run  No.    1  the  fade  variation  was  disabled  and  the  fade 
coefficient  held  at  a  constant  value  corresponding  to  a  brake  temperature 
of  170°F.     In  run  No.   2,    the  lining  fade  coefficient  was  allowed  to  vary- 
according  to  the  predicted  brake  temperature  variation  and  the  fade 
characteristic  presented  in  Figure  2.5-15.     The  range  of  values  experienced 
in  these  two  runs  are  indicated  on  the  figure. 

The  brake  temperature  time  histories  and  the  resulting  vehicle 
longitudinal  accelerations  obtained  from  these-two  runs  are  presented  in 
Figure  2.  5-16.     The  effect  of  lining  fade  variation  is  observed  to  progressively 
reduce  the  longitudinal  deceleration  throughout  the  event  as  the  brake 
temperature  increases.     The  deceleration  is  lower  by  13  percent  at    ~b    - 
2.25  seconds.     Because  of  the  lower  decelerations,   the  stopping  distance 
increased  by  8  percent  (i.e.,   from  991  inches  to  1069  inches). 

2.5.5.2       Effective  Push-Out  Pressure 
for  the  Brake  System 

As  was  discussed  in  Section  2.  5.  1.  1,    and 
presented  in  Figure  2.5-8,    the  measured  brake  output  torque  did  not  vary 
linearly  with  the  pressure  for  the  lower  range  of  pressures;  this   effect  is 
accommodated  in  an  approximate  manner  in  the  simulation  by  using  an 
"effective"  push-out  pressure.     The  front  to  rear  distribution  of  braking 
capacity  is  controlled  by  designing  the  front  and  rear  brakes  to  have  the 
appropriate  relative  brake  torque  coefficients  (slope  of  the  curves)  as 
illustrated  in  Figure  2.5-17.     The  ratio  of  the  front,      7f     »    to  rear, 

~J~IZ     ,    brake  torque  at  a  given  pressure  is  determined  only  by  the  relative 
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Figure  2.5-16     INFLUENCE  OF  LINING  FADE  VARIATION  ON  VEHICLE  LONGITUDINAL 
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FRONT  BRAKE 


BRAKE  OUTPUT 
TORQUE 


REAR  BRAKE 


BRAKE  HYDRAULIC  PRESSURE 


Figure  2.5-17      DESIGN  RELATIVE  FRONT/REAR  BRAKE  CAPACITY 


BRAKE  OUTPUT 
TORQUE 


REAR  BRAKE  CURVE  SHIFTED  SO 
PUSH  OUT  PRESSURES  ARE  EQUAL 


REAR  BRAKE 


FRONT  EFFECTIVE  PUSH  OUT  PRESSURE 
REAR  EFFECTIVE  PUSH  OUT  PRESSURE  ■ 


BRAKE  HYDRAULIC  PRESSURE 


Figure  2.5-18      ILLUSTRATION  OF  MEASURED  BRAKE  CAPACITY 
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slopes.     However,   for  the  actual  physical  system,    this  ratio  is  affected  by 
another  factor  evident  from  the  measured  results  as  illustrated  in  Figure 
2.5-18.     (The  control  measured  results  are  presented  in  Figure  2.  5-8.  ) 
Because  of  the  difference  in  the  variation  of  the  front  and  rear  brake  output 
torques  over  the  lower  range  of  pressures,   it  is  clear  that  the  "effective" 
push-out  pressure  is  different  for  the  front  and  rear  brakes.     Thus,    as  can 
be  observed  in  the  figure,    the  ratio  of  front  to  rear  brake  torques,    Tp/ffL 
is  greater  than  that  which  would  exist  if  both  the  front  and  rear  brakes  had 
the  same  push-out  pressure.     That  is,    the  front  to  rear  braking  capacity  is 
a  function  of  the  "effective"  push-out  pressures  as  well  as  the  brake  torque 
coefficients. 

It  is  not  known  if  this  difference  of  effective  push-out  pressures  is 
common  or,   if  so,   if  it  is  consistent  from  vehicle  to  vehicle  of  a  given 
model.     However,   for  the  measured  results,    it  is  seen  to  have  a  sizable 
effect  on  the  front  to  rear  distribution  of  braking  capacity.     Furthermore, 
it  was  noted  in  the  computed  results  using  the  measured  braking  character- 
istics that  the  front  wheels  operated  at  greater  circumferential  slip  than  the 
rear  wheels  (slip  on  front  wheels  --  20-50%  greater  than  rear).     This 
difference  seems  quite  large,    especially  in  view  of  the  design  practice  of 
providing  a  front  to  rear  braking  distribution  that  is  close  to  optimum  for 
operation  on  the  higher  friction  surfaces  such  as  dry  pavement  (i.  e.  ,    the 
conditions  of  this  run). 

To  assess  how  much  the  measured  difference  in  the  effective  push- 
out  pressures  influenced  the  results,   the  value  for  the  rear  brake  was 
reduced  and  made  equal  to  that  for  the  front  brakes;  the  computation  was 
then  repeated.     This  had  the  effect  of  increasing  the  rear  brake  output 
torque  for  all  applied  pressures.     The  computed  circumferential  slip  for 
the  front  and  rear  brakes  were  then  virtually  equal,   and  the  stopping 
distance  was  reduced  approximately  6  percent.     It  should  be  noted  that  the 
push-out  pressures  could  also  have  been  made  equal  by  increasing  the  value 
of  the  front  brakes  which  would  have  resulted  in  an  increase  of  the  stopping 
distance  while  again  producing  virtually  equal  circumferential  slip  of  the 
front  and  rear  wheels. 
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2.  5.  5.  3       "Rolling"  Radius  of  the  Tires 

The  validation  maneuvers  of  this  effort  were 
initiated  from  a  nominal  initial  velocity  of  40  MPH  as  indicated  by  the  vehicle 
speedometer.  However,  for  validation  of  the  computer  simulation,  a  more 
precise  determination  of  the  speed  is  required.  Because  the  individual  wheel 
angular  velocities  were  being  measured  quite  accurately,  it  was  planned  to 
use  this  information  and  the  measured  deflected  radius  of  the  tire  to  compute 
the  initial  velocity  as 

The  measured  "deflected"  tire  radius  (distance  from  wheel  center 
to  ground)  was   12.  56  inches  with  the  vehicle  loaded  to  the  test  configuration 
and  with  the  tires  inflated  to  the  test  pressure  of  28  psi.     For  the  straight 
ahead  braking  maneuver,   the  measured  initial  wheel  velocity,    fL0   ,   was 
8.5  revolutions  per  second  (mean  value  of  the  three  repeat  runs).     Those 
measurements  correspond  to  an  initial  vehicle  speed  of  38.  1  MPH.     However, 
a  careful  integration  of  measured  vehicle  accleration  time  history  indicates 
an  initial  velocity  of  41.6  MPH  which  is  9.2  percent  greater  than  the  above 
value;  thus,    there  was  an  inconsistency  in  the  measured  results. 

In  an  attempt  to  resolve  this  discrepancy,    the  calibration  of  the 
accelerometer  and  the  reduction  of  the  accelerometer  data  was  checked 
and  found  to  be  correct.     The  wheel  angular  velocity  data  was  also  thoroughly 
checked  and  found  to  be  correct.     Using  the  vehicle  velocity  deduced  from 
the  measured  acceleration  and  the  measured  wheel  angular  velocity,    a 
"rolling"  radius  of  13.72  inches  would  be  required  for  these  measurements; 
yet,   the  "deflected"  tire  radius  when  remeasured  was  only  12.56  inches. 
This  finding  implied  that  the  loaded  pneumatic  tire  rolls  forward  a  distance 
greater  than  Z^jf  times  its  deflected  radius  which  was  confirmed  by  carefully 
measuring,   for  one  of  the  tires  on  the  vehicle,    the  distance  traveled  per 
revolution.     These  measurements,   made  for  a  very  small  forward  velocity 
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of  the  vehicle,   indicated  an  effective  "rolling"  radius  of  12.90  inches. 
Although  this  radius  is  significantly  greater  than  the  measured  deflected 
radius,   it  is  less  than  required  to  explain  the  existing  discrepancy. 
However,    experimental  evidence  (Reference  13)  indicates  that  the  "rolling" 
radius  also  increases  with  speed.     A  discussion  of  this  phenomenon  is 
given  below. 

It  is  possible  to  construct  a  qualitative  heuristic  description  of  a 
physical  process  by  which  the  tire  can  roll  forward  a  distance  greater  than 
ZfC    times  its  deflected  radius.     This  phenomenon  is  believed  to  be  the  result 
of  internal  elastic  strains  in  the  tire  which  allow  the  tread  and/or  carcass 
elements  to  be  compressed  (in  the  upstream  circumferential  direction)  as 
they  approach  and  enter  the  region  of  the  tire/ground  patch.     As  the  wheel 
moves  forward  and  these  elements  pass  beneath  the  wheel,    they  recover 
from  their  elastic  strains.     If  the  tire  were  perfectly  elastic  and  there  was 
no  slip  of  the  tread  elements  relative  to  the  ground,    the  recovery  of  the 
strained  elements  would  have  the  effect  of  moving  the  wheel  center  forward 
an  additional  distance    D     per  revolution,   where 

ait 

D  =  feJo 

d9   =     ds/fZv 

0$     =  differential  circumferential  distance 
Kw    =  undeformed  tire  radius 
£=      =  effective  circumferential  strain  of  tread. 

The  effective  circumferential  strain  of  the  tread  is  ultimately  proportional 
to  the  normal  stresses  at  the  tire  ground  interface.     Because  these  stresses 
are  proportional  to  the  tire  vertical  load,    and  its  angular  velocity,    the 
additional  distance  a  tire  travels  forward  is  proportional  to  its  vertical 
load,   its  angular  displacement,     Q      ,    and  its  angular  velocity,  iX-    Q 
This  described  phonomenon  would  be  modified  by  other  phenomena  such  as 
radial  growth  of  the  tire  proportional  to  angular  velocity  due  to  the 
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centrifugal  forces  acting  on  the  tire  elements.     These  phenomenon  discussed 
above  would  also  provide  a  source  of  rolling  resistance  of  a  tire  on  a  rigid 
surface. 

The  computer  simulation  only  accounts  for  the  variation  of  the 
"deflected"  radius  with  vertical  load  and,   for  zero  slip  (i.e.  ,    traction  or 
braking  force  equal  zero),    computes  the  wheel  angular  velocity  as  being 
proportional  to  the  vehicle  velocity'and  inversely  proportional  to  the 
deflected  radius.     Therefore,    to  allow  matching  of  the  wheel  angular 
velocity  and  the  vehicle  speed  with  the  measured  initial  values,    the 
deflected  radius  at  time  zero  was  made  equal  to   13.  72  inches  by  using  an 
artificial  undeflected  tire  radius  equal  to  13.  72  inches  plus  the  static 
deflection  due  to  vertical  load.     This  approximation  accounts  for  the  total 
effect  (due  to  load,    angular  displacement  and  velocity)  at  the  initial  speed 
and  it  neglects  only  the  variations  in  the  "rolling"  radius  which  would  accrue 
due  to  the  variations  of     I)     resulting  from  the  diminishing  of  the  angular 
velocity  throughout  the  event  and  the  variations  in  the  vertical  load  on  the 
tire. 

For  the  tires  of  these  tests  with  an  inflation  pressure  of  28  psi  and 
operating  at  40  MPH,    the  experimental  results  indicate  a  "rolling"  radius 
10  percent  greater  than  the  measured  static  deflected  radius  of  the  tires. 
Because  it  is  the  "rolling"  radius  that  relates  the  vehicle  speed  to  the 
wheel  angular  speed,    use  of  the  "rolling"  radius,      f^g      (which  is  the  larger 
of  these  two  radii),   in  the  simulation  results  in  a  smaller  computer  initial 
wheel  angular  velocity  than  if  the  value  of  the  deflected  radius  is  used. 
Also,    the  larger  radius  will  result  in  a  lower  wheel  angular  deceleration, 

/ckb.  ,  for  a  given  vehicle  deceleration,       CLy.   ,    time  history,    because 

they  are  related  as  follows  (neglecting  the  relatively  small  effects  of 
circumferential  slip). 


dR/dt  =    <V& 
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These  effects  are  observed  in  the  computed  wheel  velocity  time  histories 
of  a  straight  ahead  stop  presented  in  Figure  2.5-19.     In  this  example,    the 
deflected  radius  of  the  tire  was  used  for  run  No.    1,    and  the  "rolling" 
radius  was  used  for  run  No.   2.     It  should  be  noted  that  although  the  "rolling" 
radius  (i.e.  ,    distance  tire  moves  forward  per  revolution  divided  by  ZfC    ) 
relates  the  vehicle  speed  to  the  wheel  angular  speed,    the  torque  developed 
by  the  tire  circumferential  forces  is  proportional  to  the  deflected  tire 
radius. 
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Figure  2.  5-19     INFLUENCE  OF  A  CHANGE  IN  THE  ROLLING  RADIUS 
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2.6       Braking  In  A  Turn  HVOSM-VD1 

2.6.  1         Test  Vehicle  and  Instrumentation 

The  test  vehicle  and  instrumentation  used  in  this 
series  of  tests  was  the  same  as  reported  in  Section  2.  5.  1. 

2.6.2  Data  Acquisition  and  Reduction 

Data  acquisition  and  reduction  procedures  used  were 
the  same  as  reported  in  Section  2.  5.  2. 

2.6.3  Test  Procedures 

The  test  procedure  for  the  combined  cornering  and 
braking  was  the  same  as  that  reported  in  Section  2.  5.  3  except  for  the  addition 
of  the  application  of  a  vehicle  steer  input.     This  was  initiated  manually  by 
the  driver  as  soon  as  the  brake  pedal  was  depressed.     The  steering  input 
consisted  of  rapidly  turning  the  steering  wheel  one-half  turn  and  firmly 
holding  it  there  until  the  vehicle  stopped.     This  resulted  in  a  steering  input 
of  seven  degrees  at  the  wheels.     After  a  few  practice  runs,    the  driver  was 
able  to  repeat  the  braking  and  steering  inputs  and  their  relative  timing  quite 
well. 

2.6.4  Comparison  of  Predicted  and 
Experimental  Results 

The  responses  measured  in  the  repeated  experiments 
of  the  combined  cornering  and  braking  maneuver  are  shown  in  Figure  2.  6-1. 
It  may  be  seen  that  the  control  inputs  and  their  relative  timing,   and  the 
vehicle  responses  were  nearly  identical  for  the  three  tests. 
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Figure  2.  6- 1(a)    EXPERIMENTAL  TIME  HISTORIES  OF  VEHICLE  RESPONSES  TO  A 
COMBINATION  CORNERING  AND  BRAKING  MANEUVER 
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Figure  2.6-l(b) 
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Figure  2.  6-  1(c) 
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Figure  2.6-l(d) 
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Figure  2.  6-  1(e) 
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In  this  series  of  tests,    the  vehicle  was  steered  in  a  left  turn.     In 
one  of  the  tests  the  steering  input  was  slightly  faster  than  for  the  other  two 
runs,    and  it  also  had  a  small  overshoot.     As  a  result  of  this  slight  difference 
in  the  steering  input,    the  yaw  attitude  is  observed  to  be  somewhat  larger 
than  that  for  the  other  runs  throughout  the  duration  of  the  event. 

Table  2.6-1  presents  the  measurements  obtained  from  the  trajectory 
markings  of  the  rear  bumper  squirt  during  the  cornering  stops.     The 
definition  of  the  measurements  is  illustrated  in  Figure  2.  6-2. 

Table  2.6-1 

MEASUREMENTS  OF  TRAJECTORY  FOR 

COMBINED  CORNERING  AND  BRAKING  MANEUVER 


RUN  NO. 

MEASUREMENTS     INCHES 

A* 

B 

C* 

D 

38 
39 
40 

432 
449 
437 

72 
58 
60 

1193 
1140 
1162 

279 
226 
234 

"INCLUDING  LAG  DISTANCE  =  65  INCHES 

A,B,C,&  D  DEFINED  IN  FIGURE  3.10 


TRAJECTORY 
MARKING 


igure  2.6-2    MEASUREMENT  DEFINITIONS  FOR  TRAJECTORIES  OF  CORNERING  STOPS 
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The  HVOSM  inputs  used  in  the  braking  in  a  turn  simulations  are 
shown  in  Figure  2.  6-3  and  the  comparison  of  the  measured  and  computed 
vehicle  responses  for  the  combined  cornering  and  braking  maneuver  is 
presented  in  Figure  2.6-4.     A  comparison  of  the  measured  and  computed 
final  positions  of  the  vehicle  superimposed  on  a  plot  of  the  computed 
trajectory  of  the  vehicle  center  of  gravity  is  presented  in  Figure  2.6-5. 
As  was  the  case  for  the  straight  ahead  maneuver,    the  correlation  between 
the  measured  and  computed  results  is  observed  to  be  very  good,    especially 
with  respect  to  the  detailed  characteristics  of  the  wheel  velocity  time 
histories.     In  addition  to  predicting  similar  details  of  the  initial  variations 
of  the  wheel  velocities  as  discussed  for  the  straight  ahead  stops,    the 
simulation  has,   for  this  cornering  maneuver,   faithfully  predicted  the 
characteristic  differences  that  may  be  noted  between  the  right  and  left 
wheels  which  arise  due  to  the  lateral  weight  transfer  following  the  initial 
transient  response. 

The  lateral  weight  transfer  reduces  the  vertical  load  on  the  wheels 
on  the  inside  of  the  turn  (left  side  for  this  maneuver),   while  increasing  the 
vertical  load  on  the  outside  wheels.     However,   the  same  braking   torque  is 
applied  to  both  the  right  and  left  wheels,   thus  they  both  must  generate 
approximately  the  same  (except  for  the  relatively  small  difference  in  inertia 
torques)  opposing  torque  due  to  the  tire  circumferential  forces.     To  generate 
the  same  (except  for  the  small  difference  arising  from  the  difference  in 
tire  "deflected"  radii)  circumferential  force  as  the  outside  tire  while  oper- 
ating at  a  smaller  vertical  load,    the  inside  tire  must  operate  at  a  higher 
circumferential  slip.     Thus,    the  inside  wheels  operate  at  a  lower  angular 
velocity  than  the  outside  wheels.     This  effect  is  observed  in  both  the 
measured  and  computed  results. 
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Again,   the  correlation  between  measured  and  computed  responses  of 
the  sprung  mass  relative  to  the  unsprung  masses  is  generally  not  as  good 
as  it  is  for  the  other  vehicle  responses.     This  is  attributed  to  the  assumed 
inputs  for  the  suspension  and  shock  absorber  characteristics  as  explained 
in  the  above  discussion  of  the  straight  ahead  braking  results.     A  consequence 
of  the  lateral  weight  transfer  is  observed  for  the  time  history  of  the  measured 
left  front  wheel  angular  velocity  at    ■£     =  0.  7  sec  when  the  wheel  deceleration 
momentarily  increased.     This  is  the  result  of  the  rapid  reduction  in  the 
vertical  load  on  this  wheel  due  to  the  sprung  mass  roll  response  as  can  be 
deduced  from  the  roll  attitude  and  front  suspension  deflection  time  histories. 
Because  this  detail  of  the  sprung  mass  response  was  not  so  accurately 
predicted,    the  corresponding  feature  is  not  present  in  the  predicted  wheel 
angular  velocity  time  history. 

2.6.5        Vehicle  Response  Sensitivity 

No  vehicle  response  sensitivity  analyses  related 
explicitly  to  braking  in  a  turn  were  conducted.     However,    the  discussion  of 
Section  2.5.5  applies  equally  to  this  comparison  series. 
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3.0  H V OSM  GENE  R AL  C  OMPAR ISONS 


In  Section  2,0,    rigorous  validation  tests  of  the  HVOSM  were  reported 
in  which  detailed  response  measures  from  repeatable  experiments  were 
compared  with  HVOSM  simulations  of  the  same  experiment.     In  this  section, 
general  comparisons  between  experimental  and  HVOSM  responses  are 
reported.     Although  these  comparsions  cannot  be  construed  to  constitute 
rigorous  validation  because  either  detailed  response  measurements  were 
not  made,   the  experiments  were  not  demonstrated  to  be  repeatable,    or  the 
vehicle  characteristics  were  not  sufficiently  defined,    they  do  demonstrate 
through  either  visual  comparison  or  limited  response  measure  comparison 
that  the  HVOSM  does  indeed  predict  the  gross  motions  of  a  vehicle,    at  least 
qualitatively,   in  extreme  maneuvers. 

3.  1       General  Motors  Bridge  Parapet  Comparison 

In  Reference  7,    sequences  of  high  speed  photographs  of  a 
vehicle  impacting  a  General  Motors  designed  bridge  parapet  at  50  MPH  and 
12°  arei  presented.     Since  no  response  data  other  than  the  photographs  are 
available,   and  also  since  vehicle  parameter  and  control  inputs  are  not 
defined,    a  qualitative  comparison  between  the  actual  event  and  the  HVOSM 
was  made. 

Results  of  the  comparison  using  the  HVOSM-RD1  version  are  shown 
in  Figure  3.  1-1.     In  this  comparison,    the  bridge  parapet  was  simulated  as 
a  two-faced  curb,    and  although  sprung  mass  contact  was  not  simulated,    the 
pictorial  sequence  indicates  a  good  correlation  of  general  body  motions. 
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Figure  3.1-1     EXPERIMENTAL  AND  PREDICTED  VEHICLE  RESPONSES  FOR  A  50  MPH, 
12°  COLLISION  WITH  THE  GENERAL  MOTORS  BRIDGE  PARAPET 
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3.  2  Astro  Spiral  Jump 

One  application  of  the  HVOSM  has  been  the  development  of 
ramp  geometry  for  an  automobile  thrill  show  stunt  (Reference  14)  in  which 
the  vehicle  executes  a  360°   roll  while  airborne  between  take-off  and  landing 
ramps.     Development  of  the  complex  ramp  geometry,    of  course,    assumed 
validity  of  the  model,   particularly  with  regard  to  suspension  effects  during 
takeoff  and  angular  motion  coupling  while  airborne.     In  subsequent  full  scale 
tests  the  assumption  of  validity  was  confirmed  as  indicated  by  the  graphical 
comparison  of  Figure  3.2-1. 
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THE  ASTRO  SPIRAL  JUMP 
COMPUTER  PREDICTION  EXPERIMENT 
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Figure  3.2-1    PREDICTED  AND  EXPERIMENTAL  VEHICLE  RESPONSES  IN  ASTRO  SPIRAL  JUMP 
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3.  3       Embankment  Comparisons 

A  total  of  six  full-scale  tests  along  with  HVOSM  comparisons 
were  conducted  by  the  Texas  Transportation  Institute  (TTI)  involving  a 
vehicle  leaving  the  roadway  and  traversing  a  roadside  embankment.     The 
test  results  and  comparisons  are  reported,   in  detail,   in  Reference  8  and 
are  summarized  below. 

Six  tests  were  conducted,    all  in  one  day,   for  various  encroachment 
conditions.     Table  3.3-1  lists  the  details  of  each  test.     The  primary  reason 
for  the  tests  was  to  provide  a  wide  variety  of  conditions  to  simulate. 

Each  test  was  simulated  by  HVOSM.      Input  to  the  program  consisted 
of  embankment  geometry,   vehicle  parameters,    and  test  conditions.     Vehicle 
parameters  for  the  test  car  were  obtained  at  TTI  on  another  study 
(Reference  9)  and  are  reported  in  Reference  8.     Sears  Supertread  tires 
were  used  on  the  test  car  and  their  properties  were  available  from  the 
literature  (Reference  6).     A  friction  coefficient  between  the  tire  and  the 
grassy  slope  was  not  available.     However,    skid  tests  were  conducted  at  the 
Texas  A  &  M  Research  Annex  on  grass  and  sod  similar  to  that  at  the  test 
site.     The  coefficient  was  found  to  be  0.  5. 

Three  types  of  comparisons  were  made  between  test  results  and 
HVOSM  output.     These  were  plots  of  the  right  front  tire  track,    plots  of 
vertical  acceleration  versus  time,    and  computer  generated  perspective 
drawings  of  the  simulated  vehicle  at  selected  times  adjacent  to  prints  of 
frames  from  the  high  speed  movie  film.     Figures  3.3-1  through  3.  3-3  show 
the  comparisons  for  Test  No.    1.     The  grid  lines  shown  on  the  tire  track 
plots  (see  Figure  3.3-1)  correspond  to  the  chalked  grid  lines  at  the  test 
site. 
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The  vertical  acceleration  was  found  to  be  the  predominant  component 
of  the  resultant  acceleration,   in  both  measured  and  simulated  values.     As 
a  consequence,    only  the  vertical  acceleration  component  was  plotted  and 
compared.     In  the  acceleration  plots,    as  well  as  the  other  comparisons, 
time  equal  to  0.  0  represents  the  time  when  the  right  front  tire  crossed  the 
pavement's  edge.     A  discussion  of  the  comparisons  for  each  test  follows. 

Test  No.    1 


In  comparison  with  the  others,    this  test  was  the  most  successful  in 
terms  of  correlation  between  test  data  and  HVOSM  predictions.     This  could 
be  expected  since  with  each  succeeding  test  the  vehicle's  suspension  system 
was  subject  to  progressive  degradation.     No  mechanical  failures  occurred 
during  Test  No.    1,    and  as  seen  in  Figures  3.3-1  through  3.  3-3,    the 
correlations  of  path,    attitude  and  accelerations  was  excellent. 

Test  No.   2 


By  closely  studying  the  movie  film,   it  was  determined  that  the  front 
suspension  system  was  subjected  to  relatively  high  vertical  loads  approximately 
1.6  seconds  after  the  car  left  the  roadway.     At  that  time  the  right  front 
tire  was  approximately  2  7  feet  laterally  from  the  edge  of  the  pavement 
(Y  =  47  feet).     This  loading  resulted  in  a  tie- rod  failure  which  locked  the 
right  front  wheel  over  in  a  full  right  turn  position  (a  steer  angle  of 
approximately  22  degrees).     Prediction  of  such  a  failure  is  not  within  the 
capabilities  of  HVOSM.     It  was  therefore  decided  that  an  attempt  would  be 
made  to  simulate  the  effect  of  the  failure.     This  was  done  by  programming 
in  a  locked  over  steer  angle  of  22.  5  degrees  at  T  =   1.  6  seconds  after  the 
simulated  vehicle  left  the  roadway. 
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Figure  3.3-2       HVOSM  VERSUS   TEST   RESULTS,    TEST  NO.     1,    CAMERA  NO.    1. 
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Figure  3.3-2       CONTINUED. 
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Figure  3.3-2      CONTINUED. 
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Figure  3.3-2      CONTINUED. 
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The  plot  of  tire  tracks  (Figure  3.3-4)  shows  an  increasing  difference 
between  test  results  and  HVOSM  predictions  for  Test  No.   2.     This  disparity- 
is  attributed  primarily  to  slight  rutting  that  occurred  in  the  test,    an 
occurrence  which  could  not  be  simulated  by  the  version  of  HVOSM  used  by 
TTI  at  the  time  of  this  study.     Although  the  grassy  slope  was  hard  and  well 
compacted,    the  extreme  steer  angle  that  resulted  when  the  wheel  locked  caused 
the  tire  to  dig  in  slightly.     As  a  consequence,   larger  than  predicted  side 
forces  occurred,    causing  the  test  car  to  turn  more  sharply  than  the  simulated 
car. 

The  mechanical  failures  and  subsequent  path  differences  undoubtedly 
contributed  to  the  differences  that  occurred  between  the  measured  and 
predicted  vertical  accelerations  in  Test  No.   2  (see  Figure  3.3-5).     A 
summary  of  the  factors  which  probably  caused  differences  between  predicted 
and  measured  acceleration  in  Test  No.   2  as  well  as  the  other  tests,   follows: 

(1)  Terrain  Irregularities     --  Limitations  on  the  number  of  grid 
points  that  could  be  measured  and  that  could  be  accepted  by  HVOSM  precluded 
an  exact  simulation  of  the  terrain.     Local  irregularities  such  as  bumps  and 
indentations  could  not  be  simulated.     They  undoubtedly  caused  unpredictable 
accelerations.     In  most  cases,    accelerations  caused  by  irregularities  would 
not  be  of  major  significance  with  regard  to  accident  severity.     The 
irregularities  may,    however,    cause  mechanical  failures  in  the  suspension 
system  which  could  lead  to  a  more  hazardous  condition  later. 

(2)  Type  and  Location  of  Accelerometer  Support  --  The  vibratory 
motion  of  both  the  accelerometer  support  and  the  vehicle's  structural 
framework  caused  accelerations  in  the  test  car  which,    due  to  the  limitations 
of  the  structural  idealization,    could  not  be  computed  by  HVOSM.     The 
degree  to  which  structural  vibration  contributed  to  the  measured  values  is 
unknown.     It  is  probable,   however,    that  the  effect  was  small  and  would  be 
characterized  by  relatively  high  frequencies  of  vibration. 
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(3)  Path  Variations  --  When  the  predicted  and  actual  path  did  not 
closely  compare,    there  was  a  twofold  effect  on  the  acceleration  comparisons. 
First,    the  test  car  and  the  simulated  car  traversed  different  terrain  which 
obviously  caused  some  differences  in  accelerations.     Secondly,   the  lateral 
position  (in  the  Y  direction)  of  the  test  car  at  any  given  time  differed  from 
the  simulated  vehicle.     For  example,   in  Test  No.   2,   the  test  car  began 
traversing  the  back  slope  at  approximately  T  =  4,0  seconds,   while  the 
simulated  car  entered  it  at  approximately  T  =  4.  6  seconds.     Note  that  if  the 
HVOSM  curve  in  Figure  3.  3-5  were  shifted  to  the  left  the  comparison  would 
improve. 

(4)  Tire  Rutting  --  As  discussed  in  a  previous  paragraph,    some 
tire  rutting  occurred,    especially  for  large  steer  angles.     By  studying  the 
movie  film  it  was  observed  that  the  front  portion  of  the  vehicle  would  undergo 
a  bouncing  or  skipping  type  of  motion  during  these  large  steer  angles.     The 
instability  apparently  caused  some  fluctuations  in  the  measured  accelerations 
that  were  not  simulated  by  HVOSM. 

Prior  to  conducting  Test  3,    the  test  car  was  returned  to  the  Research 
Annex  and  new  tie  rod  assemblies  were  installed.     The  steering  system  was 
then  realigned. 

Test  No.   3 


Comparisons  of  the  tire  track  for  this  test  (Figure  3.  3-6)  show  good 
agreement  up  to  the  point  where  steer  control  was  regained  in  the  test  car 
(at  Y  +  90  feet  approximately).     The  simulated  car  remained  in  a  no-steer 
control  mode  throughout  the  run. 

A  comparison  of  vertical  accelerations  for  Test  3  (Figure  3.3-7) 
shows  that  the  HVOSM  trace  approximated  a  mean  of  the  test  trace. 
Fluctuations  in  the  test  values  are  attributed  to  terrain  irregularities  and 
the  effects  of  structural  vibrations  in  the  vehicle,    as  previously  discussed. 
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The  relatively  large  accelerations  of  HVOSM  between  4.  5  seconds  and 
5.0  seconds  were  caused  by  the  simulated  vehicle  entering  the  back  slope. 

Test  No.   4 


From  the  movie  film  it  was  observed  that  the  front  wheels  of  the 
test  car  went  from  a  zero  degree  steer  angle  at  T  =  0.  50  seconds  to  a  full 
right  turn  at  T  =  1.0  seconds.     They  remained  in  a  full  right  position  until 
approximately  T  =  2.  0  seconds,   at  which  time  they  returned  to  a  zero 
degree  steer  angle  and  remained  at  approximately  zero  for  the  remainder 
of  the  test.     No  suspension  damage  occurred  during  the  test.     The  remote 
control  operator  reported  that  attempts  to  steer  back  to  the  left  after  the 
car  reached  the  ditch  bottom  (at  about  T  =  2.4  seconds)  were  unsuccessful. 
There  was  apparently  some  malfunction  in  the  control  system.     Nevertheless, 
it  is  probable  that  the  car  could  not  have  been  redirected  prior  to  going 
over  the  top  of  the  back  slope  due  to  the  large  encroachment  angle  the  car 
had  upon  entering  the  ditch  bottom. 

It  is  not  certain  what  caused  the  front  wheels  in  Tests  2  and  4  to  turn 
sharply  to  the  right  after  entering  the  side  slope.     However,   it  is  interesting 
to  note  that  the  paths  of  Tests  2  and  4  were  almost  identical  after  the  car 
reached  a  lateral  distance  of  2  0  feet  off  the  edge  of  the  pavement.     In  both 
tests  the  wheels  turned  sharply  to  the  right  at  a  lateral  distance  of  approxi- 
mately 2  7  feet  off  the  edge  of  the  pavement.     An  inspection  of  the  side  slope 
in  that  particular  area  showed  no  major  irregularities,    although  there  were 
local  indentations  and  bumps  which  could  have  caused  the  problems. 

In  HVOSM  the  steer  angle  of  the  simulated  car  was  programmed  to 
be  similar  to  that  of  the  test  car  for  Test  4.     Upon  leaving  the  roadway, 
the  steer  angle  was  zero  up  to  T  =  0.  5  seconds.     The  steer  angle  was  then 
increased  linearly  up  to  22  degrees  at  T  =   1.0  seconds.     It  was  held  at 
22  degrees  up  to  T  =  2.0  seconds  and  was  then  decreased  linearly  back  to  zero 
at  T  =2.5  seconds,   where  it  remained  for  the  duration  of  the  simulation. 
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The  tire  track  comparisons  between  test  and  simulation  (Figure  3.  3- 
showed  reasonable  agreement.     The  smaller  turning  radius  of  the  test  path 
is  attributed  to  the  added  side  forces  created  by  the  slight  rutting  that 
occurred  during  the  test. 

The  generator  supplying  power  to  the  instrumentation  trailer  failed 
during  Test  4  and  all  accelerometer  data  were  lost. 

Test  No.    5 


No  technical  problems  occurred  during  Test  5.     The  car  left  the 
road  at  a  relatively  shallow  angle  (8.  6  degrees)  and  remained  on  the  side 
slope  during  most  of  the  test. 

Good  agreement  between  test  and  HVOSM  tire  tracks  was  obtained 
through  most  of  Test  5.     It  can  be  seen  in  Figure  3.3-9  that  steer  control 
of  the  test  car  was  regained  and  the  car  was  steered  back  up  the  slope  before 
it  reached  the  ditch  bottom.     Note  in  Figure  3.3-9  the  change  in  path  curvature 
at  an  X  distance  of  about  280  feet  and  a  Y  distance  of  about  66  feet.     The 
ditch  bottom  begins  at  a  Y  distance  of  approximately  100  feet.     The  remote 
control  operator  related  that  he  was   "determined  not  to  allow  the  car  to  hit 
the  cotton  patch  again". 

Although  not  planned,   it  is  significant  that  steer  back  on  the  side 
slope  was  attempted.     It  had  been  speculated  that  if  such  a  maneuver 
occurred,   the  car  would  likely  roll  over.     Analysis  of  the  film  for  this 
test  showed  that  the  car  never  appeared  to  be  in  danger  of  rolling  over. 
It  would  be  premature  to  conclude,    however,    that  there  are  no  conditions 
which  would  cause  this  car  or  any  other  car  to  roll  over  on  a  3.5:1  side 
slope.     As  a  matter  of  fact,    tests  at  TTI  on  other  studies  have  shown  that 
when  subjected  to  a  particular  sequence  of  severe  steering  and  braking 
maneuvers,    certain  automobiles  will  roll  over  on  a  flat  concrete  pavement. 
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Reasonably  good  comparisons  of  accelerations  were  obtained  in 
Test  5  (Figure  3.3-10),    especially  during  the  first  half  of  the  test.     For 
the  remainder  of  the  test,   the  amplitude  of  the  accelerations  was  comparable, 
but  their  variation  with  time  differed.     Differences  in  the  latter  phases  of 
the  test  are  attributed  to  path  differences  and  differences  in  speed  between 
tests  and  HVOSM. 

Test  No.   6 


This  test  began  with  a  moderate  encroachment  angle  (13.3  degrees) 
and  a  relatively  high  encroachment  speed  (63.6  MPH).     Large  steer  angles 
again  occurred  during  this  test.     The  front  wheels  turned  sharply  to  the 
right  at  approximately  T  =   1.2  seconds  (or  Y  =  50  feet,    approximately). 
They  remained  in  this  position  for  about  one  second  and  then  returned  to 
approximately  a  zero  steer  angle.     Examination  of  the  suspension  system 
after  Test  6  showed  that  a  tie-rod  failure  had  again  occurred,    causing  the 
right  front  tire  to  be  locked  in  a  partial  right  turn  position  (about  10  degrees). 
Repeated  testing  of  the  car  had  obviously  caused  degradation  in  the  suspension 
system  (loose  ball  joints,    out  of  alignment,    etc.  ). 

It  was  decided  to  simulate  Test  6  in  HVOSM  by  assuming  a  free- 
wheeling condition  (no  steer  control)  throughout  the  test.     In  so  doing  the 
extent  to  which  steer  irregularities  in  the  test  affected  the  vehicle's  path 
and  attitude  could  be  determined.     As  shown  in  Figure  3,3-11,    the  test  and 
HVOSM  paths  agreed  up  to  a  Y  =  70  feet,    approximately.     From  that  point 
the  two  paths  began  to  diverge  with  the  test  vehicle  turning  more  to  the 
right.     The  attitude  of  the  test  and  simulated  vehicles  remained  relatively 
stable. 

Differences  in  predicted  and  measured  accelerations  (Figure  3.3-12) 
are  attributed  to  the  factors  presented  in  the  discussion  of  Test  No.    1.     The 
test  car  enters  the  back  slope  at  about  T  =  3.3  seconds  while  the  HVOSM  car 
enters  it  at  T  -  3.5  seconds.     The  large  acceleration  in  the  HVOSM  car  at 
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T  =  3.  5  seconds  was  caused  by  the  back  slope.     The  test  accelerations  were 
not  larger  during  the  back  slope  traversal  because  the  test  car  brakes  were 
applied  just  prior  to  entering  the  back  slope.     The  remote  control  operator 
sensed  that  the  car  could  not  be  redirected  and  was  therefore  attempting  to 
stop  it. 

From  an  overall  assessment  of  the  comparisons,    HVOSM  was 
generally  in  reasonable  agreement  with  the  test  results.     The  differences 
that  did  occur  are  attributed  primarily  to  the  mechanical  failures  in  the 
test  car's  suspension  system  and  their  subsequent  effects  on  the  dynamic 
behavior  of  the  car.     It  is  known  that  the  condition  of  the  suspension  system 
continued  to  deteriorate  with  each  test.     It  is  not  known,    however,   just  how 
much  the  suspension  system  deterioration  contributed  to  causing  each 
failure. 

A  wide  variety  of  encroachment  conditions  were  encountered  in  the 
study.     Encroachment  speeds   ranged  from  45.  1  MPH  to  63.6  MPH,    and 
encroachment  angles   ranged  from  8.6  degrees  to  20.4  degrees.     In  addition, 
suspension  failures  (Tests  2  and  6)  and  the  steer  back  on  the  side  slope 
(Test  5)  created  special  test  conditions.      This   range  of  test  conditions  is 
believed  to  encompass  many  of  the  conditions  that  occur  in  run-off-the-road 
accidents.     It  is  significant  that  for  these  conditions  both  test  and  simulation 
results  showed  that  a  car  could  traverse  the  embankment  with  no  tendency 
to  roll  over. 

Reasonably  good  correlations  were  obtained  between  test  and 
predicted  accelerations  for  Tests   1,    3  and  5,    where  no  mechanical  or 
electrical  failures  occurred. 
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